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Figure 1.1: Estimated growth of smartphones number in the United States [1]. From 2010 to 2016 the graph
show exact data, from 2017 to 2022 estimations are provided.
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M/ i?2 /2pB+2Ƕb Q`B2MiiBQM- M/ BMi`Q/m+2b i?2
miQKiB+ HM/b+T2 Q`B2MiiBQM +?M;2 r?2M `QiiBM; i?2 bK`iT?QM2X h?2 ;v`Q@
b+QT2 ?b #22M BMi`Q/m+2/ iQ rQ`F BM T`HH2H rBi? i?2 ++2H2`QK2i2` M/ BM+`2b2
Bib T`2+BbBQMX 1tTHQBiBM; i?2b2 b2MbQ`b- i?2 M/`QB/Ƕb S?QiQ aT?2`2 +K2` 72@
im`2 +M /2i2`KBM2 ?Qr Km+?  T?QM2 ?b #22M `Qii2/ M/ BM r?B+? /B`2+iBQM-
2M#HBM; i?2 TQbbB#BHBiv iQ +`2i2 bT?2`B+ T?QiQb Q7 i?2 mb2`Ƕb bm``QmM/BM;X J;@
M2iQK2i2` b2MbQ`b- QM i?2 Qi?2` ?M/- `2 +T#H2 Q7 b2MbBM; K;M2iB+ }2H/b- b
i?2 2`i?Ƕb QM2- M/ `2 i?mb BMpQHp2/ BMiQ +QKTbb TTHB+iBQMb mb2/ iQ TQBMi i
i?2 THM2iǶb K;M2iB+ MQ`i? TQH2- Q` BM K2iH /2i2+iBM; TTHB+iBQMbX AM //BiBQM
iQ i?Qb2 Dmbi K2MiBQM2/- iQ/vǶb bK`iT?QM2b `2 2[mBTT2/ rBi?  p2`v `B+? b2i
Q7 b2MbQ`b b :Sa- "Hm2iQQi?- qB6B- KB+`QT?QM2- +K2`- T`QtBKBiv b2MbQ`- HB;?i
b2MbQ`- #`QK2i2`- i?2`KQK2i2`- M/ bQ 7Q`i?X
k
aK`iT?QM2 /2pB+2b `2 MQi K2`2Hv +QKKmMB+iBQM 2[mBTK2Mi MvKQ`2- #mi i?2v
?p2 #2+QK2- BM HH `2bT2+ib- i`m2 /i ;i?2`BM; K+?BM2bX h?2 KQbi 2t+BiBM;
+QMb2[m2M+2 Q7 i?Bb Bb i?2 TQbbB#BHBiv iQ 2tTHQBi i?2b2 /2pB+2b b /i T`Q+2bbBM;
mMBib iQ T`QKQi2 i?2K b bm#biBimi2b 7Q` KQ`2 +QKTH2t MHvbBb b2imTbX AM i?Bb
+QMi2ti- ?2Hi? KQMBiQ`BM; TTHB+iBQMb `2 bBimi2/- r?B+? `2  #`M+? Q7 Km+?
rB/2` iQTB+b, >mKM +iBpBiv _2+Q;MBiBQM U>_VX
a2p2`H i2+?MB[m2b +QmH/ #2 2K#2//2/ BM  bK`iT?QM2 TTHB+iBQM 7Q` mM/2`@
biM/BM; i?2 `2HiBQMb?BT #2ir22M T?vbB+H +iBpBiv M/ ?2Hi? +QM/BiBQMbX JQ`2@
Qp2`- i?MFb iQ i?2 2p2` BM+`2bBM; bK`iT?QM2bǶ +QKTmiiBQMH TQr2`- Bi Bb TQb@
bB#H2 iQ /2p2HQT 7mHH ~2/;2/ 7`K2rQ`Fb iQ T2`7Q`K i?2b2 BM72`2M+2bX
AM i?Bb i?2bBb- r2 7Q+mb QM i?2 TQbbB#BHBiv Q7 MHvxBM; `r BM2`iBH bB;MHb 2t@
i`+i2/ 7`QK  b2i Q7 #mBHi@BM b2MbQ`b iQ BM72` i?2 ;Bi +?`+i2`BbiB+b Q7  T2`bQM
iQ miQKiB+HHv /2i2+ib MQKHB2bX
1.1 Gait analysis formalization
:Bi MHvbBb Bb i?2 bim/v Q7 ?mKM HQ+QKQiBQM- M/ Bi T`QpB/2b mb27mH BM7Q`K@
iBQM BM p`BQmb `2b bm+? b ?2Hi?+`2 M/ T?vbBQi?2`TvX :Bi bim/v Bb MQi 
M2r iQTB+ BM i?2 `2b2`+? }2H/ (8- e- d)- BM 7+i- b2p2`H `2Hi2/ rQ`Fb `2 T`2b2Mi2/
BM *?Ti2` kX L2p2`i?2H2bb- +QMiBMmQmb /pM+2K2Mib BM +QKTmi2` pBbBQM- Ki?@
2KiB+b- M/ +QKTmi2` b+B2M+2 ?p2 HHQr2/ i?Bb iQTB+ iQ #2M2}i 7`QK +QMiBMm2/
BMi2`2biX
h`/BiBQMHHv- KmHiBp`Bi2 ;Bi /i ?p2 #22M +?HH2M;BM; iQ MHvx2 /m2 iQ i?2
7+i i?i ?mKM ;Bi Bb KQM; i?2 KQbi mMBp2`bH M/ +QKTH2t ?mKM +iBpBiB2b
(3)X b b?QrM BM (N) M/ (Ry)- Hi?Qm;? i?2 ;HQ#H KQp2K2Mib Q7 2+? T2`bQM `2
bBKBH`- i?2`2 `2 bT2+B}+ /Bz2`2M+2b i?i KF2 2+? T2`bQMǶb KMM2` Q7 rHFBM;
mMB[m2X
hQ 7+BHBii2 `2b2`+? M/ MHvbBb- 7`22 ;Bi BM ?mKMb Bb mbmHHv /BpB/2/ BMiQ
+v+H2b- 2+? QM2 +QKTQb2/ Q7 TT`QtBKi2Hv irQ ?mKM bi2TbX JQ`2Qp2`- 2+?
7mHH ;Bi +v+H2 Bb 7m`i?2` b2;K2Mi2/ BMiQ bm#@T?b2bX AM 6B;m`2 RXk- r2 T`2b2Mi i?2
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Figure 1.2: Gait phases in a normal gait cycle.
RX AMBiBH +QMi+i, h?Bb Bb i?2 BMBiBH T?b2 Q7 2+? ;Bi +v+H2X Ai +QKT`Bb2b
i?2 KQK2Mi r?2M i?2 ?22H #2;BMb iQ iQm+? i?2 ;`QmM/ #mi i?2 iQ2b /Q MQi
iQm+? v2iX
kX GQ/BM; `2bTQMb2, h?Bb Bb i?2 BMBiBH /Qm#H2@biM+2 T2`BQ/X Ai #2;BMb rBi?
i?2 BMBiBH ~QQ` +QMi+i M/ +QMiBMm2b mMiBH i?2 Qi?2` 7QQi Bb HB7i2/ 7Q` brBM;X
jX JB/biM+2, AM i?Bb T?b2 i?2 HBK# /pM+2b Qp2` i?2 biiBQM`v 7QQi r?BH2
i?2 FM22 M/ ?BT 2ti2M/X h?2 iQ2@Qz KQK2Mi Bb HbQ MK2/ i?2 T`QTmHbBp2
BMbiMiX
9X h2`KBMH biM+2, h?Bb T?b2 +QKTH2i2b i?2 bBM;H2@HBK# bmTTQ`iX h?2
biM+2 #2;BMb rBi? i?2 ?22H `BbBM; M/ +QMiBMm2b mMiBH i?2 Qi?2` 7QQi bi`BF2b
i?2 ;`QmM/X h?`Qm;?Qmi i?Bb T?b2- #Q/v r2B;?i KQp2b ?2/X
8X S`2@brBM;, h?Bb }MH T?b2 Q7 i?2 biM+2 Bb i?2 b2+QM/ /Qm#H2@biM+2 BM@
i2`pH BM i?2 ;Bi +v+H2X Ai #2;BMb rBi? i?2 BMBiBH +QMi+i Q7 i?2 QTTQbBi2
HBK# M/ 2M/b r?2M i?2 7QQi HB7ib Qz i?2 ~QQ`X
eX AMBiBH brBM;, h?Bb T?b2 Bb TT`QtBKi2Hv QM2@i?B`/ Q7 i?2 brBM; T2`BQ/-
Bi #2;BMb rBi?  HB7i Q7 i?2 7QQi 7`QK i?2 ~QQ` M/ Bi 2M/b r?2M i?2 brBM;BM;
7QQi Bb QTTQbBi2 i?2 biM+2 7QQiX
dX JB/@brBM;, h?Bb T?b2 #2;BMb b i?2 brBM; HBK# Bb QTTQbBi2 i?2 biM+2
HBK# M/ 2M/b r?2M i?2 brBM;BM; HBK# Bb 7Q`r`/ M/ i?2 iB#B Bb p2`iB+HX
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3X h2`KBMH brBM;, h?Bb }MH T?b2 Q7 i?2 brBM; #2;BMb rBi?  p2`iB+H iB#B
M/ 2M/b r?2M i?2 7QQi Q7 i?2 }`bi +QMi+i bi`BF2b i?2 ~QQ`X
.m2 iQ i?2 +QKTH2tBiv Q7 i?2b2 +iBQMb- i?2 ;Bi MHvbBb ?b i`/BiBQMHHv BM@
pQHp2/ H#Q`iQ`B2b 2[mBTT2/ rBi? bQT?BbiB+i2/ BMbi`mK2MiiBQMb M/ bT2+BHBx2/
T2`bQMM2H (Rk)X h?2 KBM Bbbm2b `2Hi2/ iQ i?2b2 b2imTb r2`2 i?2 KQM2i`v +Qbi Q7
KBMi2MM+2 M/ i?2 /B{+mHiB2b BM /i +[mBbBiBQMX AM `2+2Mi v2`b- r2 bbBbi2/
iQ  +?M;2 BM i?2 KQ/mb QT2`M/BX q2`#H2 /2pB+2b ?p2 #22M /2p2HQT2/ iQ
bBKTHB7v /i +[mBbBiBQMb (Rj)X AM T`iB+mH`- HQr +Qbi M/ bKHH b2MbQ`b bm+?
b ++2H2`QK2i2`- ;v`Qb+QT2- M/ 7Q`+2 b2MbQ`b r2`2 mb2/ iQ T2`7Q`K ?mKM ;Bi
MHvbBb (R9)X h?2B` `2/m+2/ b2imT +QKTH2tBiv ?b #`Qm;?i ;`2i BKT`Qp2K2Mib BM
/i ;i?2`BM;- `2KQpBM; i?2 M22/ 7Q`  bT2+BHBx2/ H#Q`iQ`vX
JQ`2 `2+2Mi TT`Q+?2b ?p2 KM;2/ iQ 2tTHQBi bK`iT?QM2bǶ #mBHi@BM b2MbQ`b
7Q` i?Bb ibFX h?2 2z2+iBp2M2bb Q7 i?Bb TT`Q+? ?b #22M b?QrM BM (R8)X JQ`2Qp2`-
bK`iT?QM2b ?p2 `2+2MiHv #22M BMi2`7+2/ rBi? biM/@HQM2 KQMBiQ`BM; r2`#H2
/2pB+2bX AM 7+i- b2MbQ`b T`QpB/BM; ?2Hi? BM7Q`KiBQM HBF2 i?2 ?2`i#2i `i2 Q`
#HQQ/ T`2bbm`2 `2 MQi p2`v mb27mH B7 2K#2//2/ QM  bK`iT?QM2- bBM+2 i?2v `2[mB`2
+QMi+i rBi? i?2 bFBM Q7 i?2 mb2`X >Qr2p2`- r`Bbif+?2bi #M/b M/ bK`iri+?2b
i?i `2 #H2 iQ +QHH2+i i?Bb BM7Q`KiBQM H`2/v 2tBbib M/ +M #2 /B`2+iHv +QM@
M2+i2/ pB "Hm2iQQi? iQ i?2 bK`iT?QM2X h?Bb BMi2;`iBQM 2M#H2b i?2 TQbbB#BHBiv
7Q` b2p2`H b2MbQ`b@7mbBQM TT`Q+?2b- M/ 7m`i?2`KQ`2 T`QKQi2/ i?2 BMpQHp2K2Mi
Q7 bK`iT?QM2b BM ;Bi MHvbBb M/ >_ BM ;2M2`HX
1.2 Human Activity Recognition
h?2 `iBQMH2 #2?BM/ >_ Bb i?i bT2+B}+ #Q/v KQp2K2Mib i`MbHi2 BMiQ +?`@
+i2`BbiB+ b2MbQ`b bB;MH Tii2`Mb- r?B+? +M #2 b2Mb2/ M/ +HbbB}2/X
1tTHQBiBM; i?2 /i `2i`B2p2/ 7`QK b2MbQ`b iQ `2+Q;MBx2 ?mKM +iBpBiB2b HQM;
rBi? i?2 +QMi2ti BM r?B+? i?2v `2 T2`7Q`K2/ Bb i i?2 +Q`2 Q7 bK`i bbBbiBp2
i2+?MQHQ;B2b- bm+? b rBi?BM bK`i ?QK2b (Re)- `2?#BHBiiBQM (Rd)- ?2Hi? bmTTQ`i
(R3)- bFBHH bb2bbK2Mi (RN) Q` BM/mbi`BH b2iiBM;b (ky)X
>mKM +iBpBiB2b +M #2 +i2;Q`Bx2/ iQ 2b2 i?2 TT`Q+? iQ i?2B` bim/vX AM
h#H2 RXR- r2 bmKK`Bx2 i?2 KBM +iBpBiv +Hbb2b- M/ bQK2 Q7 i?2B` BMbiM+2bX
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*Hbb +iBpBiv ivT2b
GQ+QKQiBQM qHFBM;- `mMMBM;- biM/BM;- biBHH-
HvBM;X
JQ/2 Q7 i`MbTQ`iiBQM "BFBM;- i`p2HBM; rBi?  p2?B+H2-
`B/BM;  #mb- /`BpBM;X
1t2`+Bb2 Pmi/QQ` #B+v+HBM;- THvBM; bQ++2`-
#BFBM; QM  }iM2bb #BF2X
>2Hi? `2Hi2/ +iBpBiB2b 6HHb- `2?#BHBiiBQM +iBpBiB2b-
7QHHQrBM; `QmiBM2bX
.BHv +iBpBiB2b a?QTTBM;- mbBM;  +QKTmi2`- bH22TBM;-
;QBM; iQ rQ`F- ;QBM; #+F ?QK2- rQ`FBM;-
HmM+?- /BMM2`- #`2F7bi- BM  +QMp2`biBQM-
ii2M/BM;  K22iBM;X
lb;2 Q7 i?2 T?QM2 h2ti K2bb;BM;- KFBM;  +HH- #`QrbBM;
i?2 r2#- r`BiBM; M 2KBH- mbBM; M TTX
Table 1.1: Types of human activities studied in literature [2, 3].
>_ ?b i`/BiBQMHHv #22M i+FH2/ BM i?`22 KBM KMM2`b,
RX pBbBQM@#b2/ TT`Q+?2b (kR- kk)c
kX 2MpB`QMK2Mi BMi2`+iBQM b2MbQ`b bi`i2;B2b (kj- k9)c
jX r2`#H2 b2MbQ`@#b2/ TT`Q+?2b (k8- ke)X
AM i?Bb i?2bBb- r2 7Q+mb QM i?2 mb2 Q7 r2`#H2 UQM@#Q/vV b2MbBM;- b i?Bb HHQrb +@
iBpBiv M/ +QMi2ti `2+Q;MBiBQM `2;`/H2bb Q7 i?2 mb2`Ƕb HQ+iBQMX AM 7+i- Hi?Qm;?
pBbBQM #b2/ M/ 2MpB`QMK2Mi b2MbBM; TT`Q+?2b ?p2 +?B2p2/ ?B;? ++m`+v BM
`2+Q;MBxBM; ?mKM ;2bim`2b M/ +iBpBiB2b- i?2v +QK2 rBi? b2p2`H /Bb/pMi;2bX
oBbBQM@#b2/ bvbi2Kb +QMbBbi Q7  b2i Q7 +K2`b mb2/ iQ KQMBiQ`  bm#D2+i- i?2b2
b2imTb `2 Q7i2M +mK#2`bQK2 M/ H+F Q7 ~2tB#BHBiv- bQK2iBK2b 2p2M bmz2`BM; 7`QK
BHHmKBMiBQM +?M;2bX 1MpB`QMK2Mi b2MbBM; bvbi2Kb i`v iQ /2i2`KBM2 ?mKM +@
iBpBiB2b #v i?2B` BMi2`+iBQMb rBi? bK`i Q#D2+ibX h?2 mM/2`HvBM; bbmKTiBQM Bb
i?i i?2`2 2tBbi  /B`2+i +Q``2HiBQM #2ir22M Q#D2+ib i`B;;2`BM; M/ +iBQMbX h?Bb
e
KB;?i #2 i`m2 7Q` +iBQMb b ǴQT2MBM;  7`B/;2Ǵ Q` ǴbBiiBM; QM i?2 bQ7ǴX h?2 KBM
Bbbm2 Q7 i?Bb TT`Q+? HB2b BM i?2 /2THQvK2Mi Q7 bm+? bK`i Q#D2+ibX Hi?Qm;? i?Bb
`iBQMH2 7QHHQrb i?2 AMi2`M2i Q7 h?BM;b UAQhV T?BHQbQT?v- Bi Bb MQi v2i TQbbB#H2 iQ
b+H2 mT bm+? bvbi2KbX
h?2 bi`2M;i? Q7 b2MbQ`@#b2/ TT`Q+?2b Bb i?i i?2 miBHBx2/ b2MbBM; /2pB+2b `2
bmBi2/ iQ #2 +``B2/ /m`BM; /BHv `QmiBM2b- 2M#HBM; +QMiBMmQmb b2MbBM;X .i +QH@
H2+i2/ 7`QK i?2b2 /2pB+2b Bb T`Q+2bb2/ iQ /2i2`KBM2 bT2+B}+ Tii2`Mb +Q``2bTQM/BM;
iQ +iBpBiB2bX aQK2 Q7i2M mb2/ TT`Q+?2b `2 72im`2 2ti`+iBQM Q` bHB/BM; rBM@
/Qrb 7QHHQr2/ #v +HbbB}+iBQM- i2KTHi2 Ki+?BM; (k)- Q` ?B//2M J`FQp KQ/2HBM;
(kd- k3)X aHB/BM; rBM/Qr TT`Q+?2b `2 7`2[m2MiHv mb2/ 7Q` biiB+ M/ T2`BQ/B+
+iBpBiB2b (kN)- r?BH2 bTQ`/B+ +iBpBiB2b `2 #2bi B/2MiB}2/ mbBM; i2KTHi2 Ki+?@
BM; TT`Q+?2b Q` ?B//2M J`FQp KQ/2HBM; (jy)X
aK`iT?QM2b +M #2 +QMbB/2`2/ b T`i Q7 i?2 r2`#H2 /2pB+2b +HbbX h?2v ?p2
i?2 /pMi;2 iQ +QM/2Mb2 b2p2`H b2MbBM; BMbi`mK2Mib BMiQ QM2 bBM;H2 Q#D2+i-
pQB/BM; i?2 M22/ 7Q` i?2 mb2`b iQ r2` //BiBQMH /2pB+2bX h?2 BMpQHp2K2Mi Q7
bK`iT?QM2b BM >_ ibFb ?p2 mM/Qm#i2/Hv bB;MB}+Mi /pMi;2b- #mi Bi Bb MQi
+QM+2`Mb@7`22X AM 7+i- 2M#HBM; +QMiBMmQmb b2MbBM; QM KQ#BH2 /2pB+2b b?QmH/ iF2
BMiQ ++QmMi i?2 #ii2`v mb;2X JQMBiQ`BM; TTHB+iBQM b?QmH/ MQi ?2pBHv z2+i
i?2 mb2`Ƕb 2tT2`B2M+2- M/ 2M2`;v@2{+B2Mi K2+?MBbKb M22/ iQ #2 /QTi2/ (jR)X
JQ`2Qp2`- b2p2`H >_ 7`K2rQ`Fb `2Hv QM J+?BM2 G2`MBM; UJGV H;Q`Bi?Kb
r?B+? `2 Q7i2M iQQ +QKTmiiBQMHHv /2KM/BM;X lbmHHv i?2 bQHmiBQM iQ i?Bb
T`Q#H2K Bb iQ T2`7Q`K Qz@HBM2 i`BMBM; QM  /2/B+i2/ `2KQi2 b2`p2`X amBi#H2
6hS b2`pB+2b `2 Q7i2M K/2 pBH#H2 iQ mTHQ/ i?2 b2Mb2/ /iX
1.3 Motivations and Contributions
AM i?Bb i?2bBb-  MQp2H ?mKM ;Bi MQKHv /2i2+iBQM bvbi2K Bb T`QTQb2/X h?2
T`QD2+i BKb iQ +QKTH2i2Hv miQKi2 i?2 T`Q+2bb Q7 MQKHv /2i2+iBQM 7`QK `r
/i +QHH2+iBQM iQ MQKHv bb2bbK2MiX h?Bb 7`K2rQ`F +QmH/ #2 mb2/ BM `2?#BHB@
iiBQM b+2M`BQb (jk) iQ KQMBiQ` i?2 2pQHmiBQM Q7 TiB2MiǶb ;Bi /m`BM; i`2iK2MibX
JQ`2Qp2`- Bi +M #2 mb27mH BM S`FBMbQMǶb /Bb2b2 bim/B2b iQ MHvx2 i?2 ;Bi
+?M;2b HQM; /Bz2`2Mi bi;2b Q7 i?2 /Bb2b2X 6m`i?2`KQ`2- i?Bb bvbi2K +M #2
BM+Hm/2/ BM  T2`bQMH ?2Hi? +QmMb2HBM; TTHB+iBQM iQ r`M  T2`bQM #Qmi ?Bb
TQbbB#H2 rHFBM; Bbbm2bX JQpBM; rv 7`QK ?2Hi?@+`2-  TQbbB#H2 BMpQHp2K2Mi Q7
d
bm+? bvbi2K KB;?i #2 BM r2HH@#2BM; M/ }iM2bb TTHB+iBQMb (jj- j9- j8)- iQ ?2HT
i?H2i2b BKT`QpBM; i?2B` ?#Bib M/ T2`7Q`KM+2X
h?Bb rQ`F /2T`ib 7`QK i?2 TT`Q+?2b T`2b2Mi BM i?2 HBi2`im`2 7Q` irQ KBM
`2bQMb,
RX i?2 BM+HmbBQM Q7 bB;MHb 2ti`+i2/ 7`QK  `272`2M+2 pB/2Q +[mB`2/ /m`BM; 
rHFc
kX i?2 i2+?MB[m2b M/ H;Q`Bi?Kb mb2/ BM i?2 MQKHv /2i2+iBQM T?b2X
h?2 ;QH ?2`2- Bb iQ /2p2HQT  T2`bQMHBx2/ TTHB+iBQMX qBi? i?Bb BM KBM/- i?2
/i ?b #22M +QHH2+i2/ #v  bBM;H2 T2`bQM i?`Qm;?Qmi b2p2`H rHFBM; b2bbBQMbX
.i ;i?2`BM; ?b BMpQHp2/ #Qi? biM/`/ M/ MQKHQmb /i- r?2`2 MQK@
HQmb /i `2 +?`+i2`Bx2/ #v i?2 +QMb+BQmb KQ/B}+iBQM Q7 i?2 rHFBM; bivH2X
HH +[mBbBiBQMb r2`2 T2`7Q`K2/ rBi? i?2 bK`iT?QM2 HQ+i2/ BM i?2 +?2bi rBi? 
bmTTQ`i i?i #HQ+F2/ Bi BM  }t2/ p2`iB+H TQbBiBQMX h?2 +QMbB/2`2/ bB;MHb `2 i?2
i`B@tBH ++2H2`QK2i2`- i`B@tBH ;v`Qb+QT2 M/ `2+Q`/2/ `272`2M+2 pB/2QX *QK@
Tmi2` pBbBQM i2+?MB[m2b `2 i?2M mb2/ iQ 2biBKi2 i?2 QTiB+H ~Qr M/ `2i`B2p2 i?2
TBi+?- `QHH- M/ vr M;H2b 2pQHmiBQM 7`QK i?2 pB/2Q bB;MHX _r /i Bb i?2M T`Q@
+2bb2/ iQ +QKTmi2 AMBiBH *QMi+i UA*V M/ 6BMH *QMi+i U6*V BMbiMib Q7 2p2`v
bi2T- M/ ;Bi +v+H2b `2 2ti`+i2/X LQ ?B;?@H2p2H ;Bi T`K2i2`b `2 +QKTmi2/X
AMbi2/- T`2T`Q+2bb2/ `r bB;MHb `2 BMpQHp2/ BM i?2 MQKHv /2i2+iBQM bvbi2K
r?B+? `2HB2b QM b2p2`H JG H;Q`Bi?KbX
q2 2tTHQBi  _2+m``2Mi L2m`H L2irQ`F U_LLV iQ 2t2+mi2 T`2/B+iBQM QM i?2
`r /i M/ bm++2bbBp2Hv 2pHmi2 i?2 biiBbiB+b `2Hi2/ iQ i?2 T`2/B+iBQM 2``Q`bX
.Bz2`2MiHv 7`QK Qi?2` HBi2`im`2 TT`Q+?2b- r2 /Q MQi 7Q+mb QM i?2 2ti`+iBQM
Q7 ?B;?@H2p2H Tii2`Mb Q` 72im`2bX PM i?2 +QMi``v- r2 TTHv bmT2`pBb2/ +HbbB}@
+iBQM H;Q`Bi?Kb iQ i?2 biiBbiB+b 2ti`+i2/ 7i2` i?2 `2;`2bbBQM ibFb ?p2 iF2M
TH+2X
h?Bb i?2bBb Bb Q`;MBx2/ b 7QHHQrbX AM *?Ti2` k-  `2pB2r Q7 i?2 HBi2`im`2
`2Hi2/ iQ i?2 ;Bi MHvbBb iQTB+ Bb T`2b2Mi2/X AM *?Ti2` j-  /2iBH2/ +?`@
+i2`BxiBQM Q7 i?2 M2+2bb`v T`2T`Q+2bbBM; QT2`iBQMb TTHB2/ QM `r bB;MHb Bb
`2TQ`i2/X AM *?Ti2` 9- r2 T`2b2Mi  itQMQKv QM i?2 KQbi `2H2pMi bmT2`pBb2/
K+?BM2 H2`MBM; H;Q`Bi?Kb 2KTHQv2/ BM i?Bb i?2bBbX 6m`i?2`KQ`2- r2 T`2b2Mi 
/2iBH2/ /2b+`BTiBQM Q7 2+? H;Q`Bi?K HQM; rBi? T`Qb M/ +QMbX AM *?Ti2` 8
3
i?2 MQKHv /2i2+iBQM 7`K2rQ`F Bb T`2b2Mi2/X AM *?Ti2` e i?2 `2bmHib Q#iBM2/
rBi? i?2 T`QTQb2/ 7`K2rQ`F `2 2pHmi2/X 6BMHHv- BM *?Ti2` d +QM+HmbBQMb





AM i?Bb +?Ti2` r2 `2pB2r i?2 bii2 Q7 i?2 `i QM ;Bi MHvbBbX
AM i?2 Hbi /2+/2-  HQi Q7 rQ`Fb `2Hi2/ iQ i?2 2ti`+iBQM M/ MHvbBb Q7 ;Bi
T`K2i2`b M/ MQKHv /2i2+iBQM ?p2 #22M T`QTQb2/X h?2 KDQ`Biv Bb #b2/ QM
i?2 /2i2+iBQM Q7 mMmbmH rHFBM; Tii2`Mb rBi? +QKTmi2` pBbBQM i2+?MB[m2b T@
THB2/ iQ M BMTmi `272`2M+2 pB/2Q (Rk)X Pi?2` TT`Q+?2b- BMbi2/- BMp2biB;i2/ i?2
T`Q+2bbBM; Q7 `r /i +QHH2+i2/ 7`QK AM2`iBH J2bm`2K2Mi lMBi UAJlV TH+2/
BM /Bz2`2Mi T`ib Q7 i?2 #Q/v U2X;X- MFH2b- +?2bi- `K Q` HQr2`@#+FV (je)X
lbmHHv- i?2 +QKTmi2` pBbBQM@#b2/ TT`Q+? miBHBx2b bi2`2QT?QiQ;`KK2i`v- r?B+?
T`QpB/2b  j. `2T`2b2MiiBQM Q7 ;Bi M/ TQbim`2 i?`Qm;? KMv +K2`bX h?2b2
i2+?MQHQ;B2b ?p2 T`Qp2M iQ #2 p2`v ++m`i2 M/ `2HB#H2- #mi rBi? i?2 /Bb/@
pMi;2 Q7 2MiBHBM;  ?B;? KQM2i`v +Qbib (Rk)X JQ`2Qp2`- #2bB/2b ?pBM; 
MQM@M2;HB;B#H2 +Qbi- i?Qb2 bvbi2Kb +M QMHv #2 mb2/ BM +QMi`QHH2/ H#Q`iQ`B2b #v
2tT2`i i2+?MB+BMbX PM i?2 Qi?2` ?M/- i?2 AJl@#b2/ TT`Q+?2b ?p2 2K2`;2/
iQ `2TH+2 i?2b2 +QbiHv bvbi2KbX h?2b2 i2+?MB[m2b `2Hv QM AM2`iBH a2MbQ` UAaV
#b2/ bvbi2Kb r?B+? `2 HQr@+Qbi M/ `2 bmBi2/ iQ #2 mb2/ BM 7`22@HBpBM; +QM/B@
iBQMbX  H`;2 #Q/v Q7 rQ`Fb ?b TT2`2/ QM i?2 2biBKiBQM Q7 KQiBQM #2?pBQ`
mbBM; i?2b2 b2MbQ`b (R9)X q?i ?b 2K2`;2/ Bb i?i- r?BH2 i?2 b2MbBM; T`i Q7
i?2b2 bvbi2Kb Bb [mBi2 Kim`2- i?2 T`K2i2` 2ti`+iBQM M/ T`Q+2bbBM; T`i +M
biBHH #2 BKT`Qp2/ #v 2KTHQvBM; MQp2H i2+?MB[m2bX
RR
AM2`iBH b2MbQ`b ?p2 #22M mb2/ iQ miQKiB+HHv B/2MiB7v BM/BpB/mH ;Bib 7`QK
+QMiBMmQmb rHFBM; i`+2bX 6Q` 2tKTH2- BM (jd) i?2 mi?Q`b b?Qr i?2 ++m`+v
i?i Bb `2+?#H2 rBi? `2bT2+i iQ i?2 2ti`+iBQM Q7 A* M/ 6* BMbiMibX h?Bb- BM
im`M- H2/b iQ ++m`i2 ;Bi +v+H2 B/2MiB}+iBQMX h?Bb BM7Q`KiBQM Bb i?2 }`bi bi2T
iQr`/ i?2 T`iBiBQMBM; Q7 i?2 ?mKM ;Bi BM Bib b2+iBQMb- MK2Hv, BMBiBH +QMi+i-
HQ/BM; `2bTQMb2- KB/biM+2- i2`KBMH biM+2- T`2@brBM;- BMBiBH brBM;- KB/@brBM;-
M/ i2`KBMH brBM; (k) #`B2~v T`2b2Mi2/ BM i?2 T`2pBQmb +?Ti2`X
"b2/ QM i?2b2 /pM+2K2Mib- BM (j3)  K+?BM2 H2`MBM; TT`Q+? iQ ;Bi@`2Hi2/
T`K2i2` 2biBKiBQM Bb T`QTQb2/X h?Bb MHvbBb QMHv T`Q/m+2/ K2bm`2b Q7 bi2T
H2M;i?- p2HQ+Biv- brBM; iBK2 M/ biM+2 iBK2 r?B+?- ?Qr2p2`- HHQr2/ bQK2 BMBiBH
7Q`K Q7 ;Bi +HbbB}+iBQMbX h?Bb MHvbBb `2bmHi2/ BM bBKTH2 ;Bi T`K2i2`b b
bi2T H2M;i?- p2HQ+Biv- brBM; iBK2 M/ biM+2 iBK2- r?B+? +QMbBbi BM bBKTH2 }`bi Q`
b2+QM/ Q`/2` K2bm`2b i?i HHQr bQK2 BMBiBH 7Q`K Q7 ;Bi +HbbB}+iBQMbX
h?2b2 }`bi `2bmHib HB/ i?2 7QmM/iBQMb 7Q` /Bz2`2Mi H;Q`Bi?Kb 7Q` ++m`i2 2t@
i`+iBQM Q7 ;Bi T`K2i2`b 7`QK `r ++2H2`QK2i2` M/ ;v`Qb+QT2 /iX AM (jN)-
i?2 mi?Q`b `2pB2r2/ }p2 /Bz2`2Mi 2biBKiBQM K2i?Q/b 7Q` ;Bi 2p2Mi /2i2+iBQM
M/ i2KTQ`H T`K2i2`b 2ti`+iBQMX 6Q` i?Bb MHvbBb- i?2v mb2/ ++2H2`iBQM
bB;MHb +QHH2+i2/ 7`QK  bBM;H2 AJlX h?2 `2bmHib b?Qr i?i HH i?2 }p2 H;Q`Bi?Kb
`2 +T#H2 Q7 +?B2pBM; ;QQ/ T2`7Q`KM+2 BM i?2 bi2T M/ bi`B/2 /m`iBQMb 2b@
iBKiBQM- #mi i?2 bK2 T`2+BbBQM Bb MQi K2i r?2M 2biBKiBM; brBM; M/ biM+2
iBK2bX h?Bb Bb /m2 iQ 2``Q`b BM i?2 6* /2i2+iBQMX AM (jN)- i?2 mi?Q`b HbQ b?Qr2/
?Qr i?2 TH+2K2Mi Q7 i?2 AJl BM i?2 HQr2` i`mMF /Q2b MQi bB;MB}+MiHv z2+i
i?2 }MH ++m`+vX h?Bb 2KTB`B+H T`QQ7 ?b /B`2+iHv BKT+i2/ i?2 i?2bBb rQ`F
T`2b2Mi2/ BM (k) M/- BM T`iB+mH`- i?2 +?QB+2 Q7 i?2 QM@#Q/v bK`iT?QM2 TQbB@
iBQMBM;X AM (k)- KQ`2Qp2`- i?2 mi?Q` BKTH2K2Mib  ;Bi T`K2i2` 2biBKiBQM
K2i?Q/ bBKBH` iQ i?2 QM2 BM (9y)X >2 iF2b /pMi;2 Q7 i?2 +QMiBMmQmb rp2H2i
i`Mb7Q`K iQ /2@MQBb2 i?2 `r AJl bB;MHb T`2b2`pBM; i?2 mM/2`HvBM; T`BM+BTH
7`2[m2M+B2bX q?2M +QK#BM2/ rBi? /Bz2`2MiBiBQM MHvbBb- i?Bb i2+?MB[m2 b?Qrb
2t+2HH2Mi T2`7Q`KM+2 BM bmTT`2bbBM; MQBb2- +Q``2+iBM; #b2HBM2 /`B7i- M/ `2bQHp@
BM; Qp2`HTTBM; T2Fb T`Q#H2KbX JQ`2Qp2`- Bi +M /2i2+i i?2 A* M/ 6* BMbiMib
Q7 2p2`v ;Bi +v+H2 rBi?Qmi 2``Q`bX
_2+2MiHv- AJl@2[mBTT2/ bK`iT?QM2b ?p2 #22M rB/2Hv miBHBx2/ iQ +QHH2+i ;Bi
Rk
/iX h?Bb Bb KBMHv /m2 iQ i?2 TQbbB#BHBiv Q7 mbBM; /@?Q+ TTHB+iBQMbX JQ`2Qp2`-
 bK`iT?QM2 #b2/ bvbi2K Kv iF2 /pMi;2 Q7 i?2 rB`2H2bb M2irQ`F +QMM2+@
iBQM iQ b2M/ `2TQ`ib Q` H`Kb iQ i?2 T2`bQM BM +?`;2 Q7 KQMBiQ`BM; i?2 ;Bi
bB;MHbX 6Q` BMbiM+2- BM (9R)- i?2 mi?Q`b T`QTQb2  T2`bQMH ?2Hi? +QmMb2HBM;
TTHB+iBQM i?i +M TQBMi Qmi bQK2 /BbiBM+iBp2 72im`2b Q7 i?2 mb2` M/ KQMBiQ`
i?2B` r22FHv Q` KQMi?Hv +?M;2bX AM i?Bb bim/v- i?2 bK`iT?QM2 Bb HQ+i2/ BM
i?2 #2Hi Q7  mb2`- M/ i?2 MHvx2/ /i +QK2b 7`QK  i`B@tBH ++2H2`QK2i2`
M/  ;v`Qb+QT2X AM i?2 /i +QHH2+iBQM T?b2- iQ pQB/ T`Q#H2Kb `2Hi2/ iQ MQBb2
`2+m`bBQM- ++2H2`QK2i2` /`B7i- M/ iQ `2KQp2 i?2 2z2+i Q7 i?2 ;`pBiv z2+iBM;
`r /i- i?2 mi?Q`b T`QTQb2  HQr@Tbb }Hi2`BM; M/  x2`Q p2HQ+Biv mT/iBM;
i2+?MB[m2 iQ bb2bb i?2 /`B7i Q7 i?2 ++2H2`QK2i2` rBi? 2p2`v bi2TX h?Bb KF2b
Bi TQbbB#H2 iQ `2KQp2 i?2 2z2+ib Q7 i?2 /`B7iX J2M bi2T H2M;i? M/ K2M rHF@
BM; bT22/ `2 2biBKi2/ mbBM; i?2 mTr`/ M/ /QrMr`/ KQp2K2Mi Q7 i?2 i`mMF
++Q`/BM; iQ i?2 BMp2`i2/ T2M/mHmK KQ/2H Q7 i?2 #Q/vǶb *2Mi2` Q7 Jbb U*QJV
i`D2+iQ`vX
AM (9k)-  bK`iT?QM2 #b2/ bvbi2K iQ +QHH2+i M/ +H+mHi2 biM/`/ ;Bi T@
`K2i2`b Bb T`2b2Mi2/X h?2b2 T`K2i2`b BM+Hm/2 bi2T H2M;i?- p2HQ+Biv- +/2M+2-
KQiBQM BMi2MbBiv- M/ rHFBM; `2;mH`BivX JQ`2Qp2`- i?2 T`QiQivT2/ bvbi2K T`Q@
pB/2b 7HH M/ MQKHv /2i2+iBQM 7mM+iBQMbX h?2 MQKHv /2i2+iBQM H;Q`Bi?K Bb
#b2/ QM  /vMKB+ i?`2b?QH/ b2i ++Q`/BM; iQ  MQ`KH /Bbi`B#miBQM KQ/2HX Ai
+M /2i2`KBM2 #MQ`KH ;Bi T`K2i2`b `2Hi2/ iQ M Q++bBQMH ++B/2MiX A7 i?2
Hi2bi /i /2pBi2b 7`QK i?2 MQ`KH +iBpBiv KQ/2H iQQ Km+?- i?2 /i Bb ~;;2/
b M MQKHQmb 2p2MiX h?2 T`QTQb2/ bvbi2K b?Qrb ?B;? ++m`+v M/ `2HB#BHBiv
r?2M /2i2`KBMBM; i?2 MmK#2` Q7 bi2Tb M/ i?2 rHFBM; /m`iBQM rBi?  ;HQ#H
2``Q` bKHH2` i?M 5.45%X
AM (9j)- MQi?2` MQKHv /2i2+iBQM bvbi2K Bb T`QTQb2/X Ai Bb M ++2H2`QK2i2`@
#b2/ bQHmiBQM #b2/ QM ?M/ 2M;BM22`2/ 72im`2bX h?Bb TT`Q+? mb2b M mM@
bmT2`pBb2/ JG H;Q`Bi?K #H2 iQ /2i2+i #MQ`KH bBimiBQMb rBi?  `2bQM#H2
/2i2+iBQM `i2X h?2 MQKHv /2i2+iBQM T`Q+2/m`2 Bb #b2/ QM  :mbbBM JBtim`2
JQ/2H U:JJVX hQ /2}M2 i?2 bmBi#H2 T`Q##BHBiv 7mM+iBQM M/ /2i2`KBM2 i?2
QTiBKH MmK#2` Q7 +Hbb2b Q7 i?2 :JJ (99)- i?2 1tT2+iiBQM@JtBKBxiBQM U1JV
H;Q`Bi?K (98) Bb mb2/ iQ;2i?2` rBi? i?2 "v2bBM AM7Q`KiBQM *`Bi2`BQM U"A*V
b+Q`2 (9e)X "v mbBM; i?2 +QKTmi2/ T`Q##BHBiv /2MbBiv 7mM+iBQM- M MQKHQmb
2p2Mi Bb /2i2+i2/ r?2M2p2` i?2 pHm2 Q7 i?2 `M/QK p`B#H2 bbQ+Bi2/ rBi? i?2
Rj
+m``2Mi BMbiM+2 ?b  T`Q##BHBiv #2HQr  ;Bp2M i?`2b?QH/X
AM (9d)- i?2 mi?Q`b BMi`Q/m+2  rHFBM; KQ/2H #b2/ QM MQ`KH /Bbi`B#miBQMbX
h?2 KQ/2H rQ`Fb #v MHvxBM; i?2 bB;MHb 2ti`+i2/ 7`QK  i`B@tBH ++2H2`Q@
K2Mi2` /m`BM; rHFBM; +iBpBiB2bX h?2v i`B2/ /Bz2`2Mi TH+2K2Mib 7Q` i?2 i`B@tBH
++2H2`QK2i2` QM i?2 ?mKM #Q/vX 6BMHHv- i?2v 7QmM/ i?i i?2 b2MbQ` QM i?2
+?2bi T2`7Q`K2/ #2bi BM b2T`iBM; bimK#H2b 7`QK MQ`KH +iBpBiB2bX h?Bb bmT@
TQ`ib i?2 bK`iT?QM2 TH+2K2Mi +QMbB/2`2/ BM i?Bb i?2bBbX
AM T`HH2H rBi? i`/BiBQMH Aa #b2/ ;Bi MHvbBb- `2b2`+?2`b ?p2 `2+2MiHv
#2;mM iQ 2tTHQ`2 HQr@+Qbi +QKTmi2` pBbBQM i2+?MQHQ;B2bX h?2b2 M2r i2+?MB[m2b
i`Mb7Q`K 2tBbiBM; b2MbBM; M2irQ`Fb BMiQ bK`i pBbmH KQMBiQ`BM; bvbi2KbX h?2
`2bmHi Bb M BKT`Qp2/ 7`K2rQ`F iQ bb2bb ?mKM #2?pBQ` 7Q` K2/B+H /B;MQbBbX
PM2 2tKTH2 Bb i?2 rQ`F /QM2 #v i?2 mi?Q`b BM (93)X h?2v T`2b2Mi  +QKTmi2` pB@
bBQM #b2/ bvbi2K #H2 iQ /2i2`KBM2 /Bz2`2Mi rHFBM; bivH2b M/ iQ /2i2+i r?2i?2`
 rHFBM; +iBQM /2pBi2b 7`QK mbmH rHFBM; Tii2`Mb Q` MQiX AM i?Bb b2imT- }t2/
Qmi@Q7@#Q/v +K2`b `2 mb2/X h?2 MHvbBb K2i?Q/ bi`ib rBi? i?2 2ti`+iBQM Q7
?mKM bBH?Qm2ii2b 7`QK i?2 pB/2Q- M/ i?2 +QKTmiiBQM Q7 7`K2@iQ@7`K2 QTiB+H
~QrbX h?2M- KQiBQM K2i`B+b #b2/ QM ?BbiQ;`K `2T`2b2MiiBQMb Q7 bBH?Qm2ii2b@
KbF2/ ~Qr `2 +QKTmi2/X 6BMHHv- ;Bi MHvbBb rBi? 2B;2MbT+2 i`Mb7Q`KiBQM
Bb T2`7Q`K2/X h?Bb rQ`F- #b2/ QM i?2 MHvbBb Q7 bBt /Bz2`2Mi rHFBM; ;Bib-
bm;;2bib ;QQ/ `2bmHib rBi? M ++m`+v Q7 #Qmi NyWX
.22T H2`MBM; ?b HbQ #22M +QMbB/2`2/ 7Q` ;Bi MHvbBbX 6Q` 2tKTH2- BM (9N)
i?2 mi?Q`b mb2  JmHiB Gv2` S2`+2Ti`QM UJGSV M2irQ`F 7Q` +HbbB7vBM; TQbi@
bi`QF2 TiB2Mib ;Bi Tii2`M ivT2bX
 KQ`2 /pM+2/ TT`Q+? Bb T`2b2Mi2/ BM (8y)X >2`2- i?2 mi?Q`b BMp2biB;i2
i?2 T`Q#H2K Q7 T2QTH2 `2+Q;MBiBQM miBHBxBM; i?2 ;Bi b  mMB[m2 B/2MiB}2`X .Bz2`@
2MiHv 7`QK bBH?Qm2ii2b #b2/ MHvbBb- i?2v BKTH2K2Mi  /22T H2`MBM; TT`Q+?
mbBM; i?2 QTiB+H ~Qr b i?2 T`BK`v bQm`+2 Q7 KQiBQM BM7Q`KiBQMX h?2v 2tTHQBi
 *QMpQHmiBQMH L2m`H L2irQ`F U*LLV b 72im`2 2ti`+iQ`- miBHBxBM; i?2 Hbi
+QMpQHmiBQMH Hv2` QmiTmi b  /2b+`BTiQ` r?B+? Bb Hii2` mb2/ 7Q` +HbbB}+iBQM
Tm`TQb2bX aii2@Q7@i?2@`i TT`Q+?2b iQ 2ti`+i i?2b2 T`K2i2`b 7`QK BM2`iBH
b2MbQ` /i `2- ?Qr2p2`- HBKBi2/ BM i?2B` +HBMB+H TTHB+#BHBiv /m2 iQ i?2 mM/2`@
HvBM; bbmKTiBQMbX LK2Hv, bi`B/2 H2M;i?- bi`B/2 iBK2- biM+2 H2M;i? M/ biM+2
R9
iBK2X hQ Qp2`+QK2 i?Bb- BM (8R) i?2 mi?Q`b T`2b2Mi  K2i?Q/ iQ i`MbHi2 i?2
BM7Q`KiBQM T`QpB/2/ #v r2`#H2 b2MbQ`b BMiQ +QMi2ti@`2Hi2/ 2tT2`i 72im`2bX
h?Bb Bb  T`/B;K b?B7i 7Q` ;Bi MHvbBb- 7`QK bi`B/2@`2Hi2/ 2ti`+i2/ /i iQ
K2i@72im`2 miBHBxiBQMX *m``2Mi `2b2`+?- BM 7+i- bm;;2bib i?i /22T +QMpQHm@
iBQMH M2m`H M2irQ`Fb `2 bmBi2/ iQ miQKi2 72im`2 2ti`+iBQM 7`QK `r b2MbQ`
BMTmib 2HBKBMiBM; i?2 M22/ 7Q` +QMp2MiBQMH T`K2i2` 2ti`+iBQM (8R- 8k)X
 #B; bi2T 7Q`r`/ ?b #22M BMi`Q/m+2/ #v i?2 miBHBxiBQM Q7 _LL `+?Bi2+im`2b-
r?B+? `2 #2bi bmBi2/ 7Q` iBK2 b2`B2b MHvbBb b i?2 QM2b `2Hi2/ iQ ;Bi `r
/iX 6Q` BMbiM+2-  ;Bi 72im`2 2ti`+iQ` Bb BKTH2K2Mi2/ BM (8j) #v +QK#BMBM;
+QMpQHmiBQMH Hv2`b M/ `2+m``2Mi GQM; a?Q`i@h2`K J2KQ`v lMBi UGahJV Hv2`bX
*QMpQHmiBQMH Hv2`b `2 mb2/ 7Q` i?2B` #BHBiv iQ 2ti`+i 2bb2MiBH K2i@72im`2b-
r?BH2 GahJ QM2b `2 mb2/ iQ i`+F i?2 i2KTQ`H 2pQHmiBQM Q7 i?2 K2i@72im`2bX
AM (89)- i?2 mi?Q`b T`2b2Mi  /22T M2m`H M2irQ`F MK2/ Ǵ.22T*QMpGahJǴX
h?Bb TT`Q+? +QK#BM2b +QMpQHmiBQMH- GahJ- M/ 7mHHv +QMM2+i2/ Hv2`bX h?Bb
7`K2rQ`F HHQrb iQ T2`7Q`K b2MbQ`b 7mbBQM `2KQpBM; i?2 M22/ 7Q` 2M;BM22`2/
72im`2b- i?Bb 7+i KF2b Bi bmBi#H2 7Q` MHvxBM; KmHiBKQ/H r2`#H2 b2MbQ`b
bB;MHbX Ai ?b #22M i2bi2/ QM irQ /Bz2`2Mi /ib2ib- i?2 ǴPSSP_hlLAhuǴ (88)
M/ aFQ/ (8e) QM2bX h?2B` `2bmHib b?Qr i?i i?Bb `+?Bi2+im`2 +?B2p2b 9W ?B;?2`
T2`7Q`KM+2 i?M bii2@Q7@i?2@`i i2+?MB[m2b- QM p2`;2X
.Bz2`2MiHv 7`QK i?2 2tBbiBM; b2MbQ`@#b2/ Q` bK`iT?QM2@#b2/ ;Bi MHvbBb
bim/B2b T`QTQb2/ BM i?2 HBi2`im`2- BM i?Bb i?2bBb r2 7Q+mb QM K2`;BM; i?2 BM7Q`K@
iBQM +QKBM; 7`QK i?2 2K#2//2/ b2MbQ`b Q7 i?2 +?2bi@rQ`M bK`iT?QM2 iQ;2i?2`
rBi? i?2 bB;MHb 2ti`+i2/ 7`QK i?2 `2` T?QM2 pB/2Q +K2`- `2+Q`/2/ r?BH2 i?2
mb2` Bb rHFBM;X h?2 T`BK`v Q#D2+iBp2 Bb iQ +QKTH2i2Hv miQKi2 i?2 MQKHv
/2i2+iBQM T`Q+2/m`2X h?Bb Bb +?B2p2/ #v K2Mb Q7 bmBi#H2 K+?BM2 H2`MBM; H;Q@
`Bi?KbX h?2 r?QH2 T`Q+2bb BMpQHp2b i?2 i`BMBM; Q7 M _LL QM biM/`/ ;Bi /iX
6Q` i?Bb Tm`TQb2- M Qp2`HTTBM; rBM/Qr bi`i2;v Bb miBHBx2/ 7Q` bB;MHb b2;K2Mi@
iBQM #27Q`2 i?2 i`BMBM; T?b2X h?2 _LL Bb bm++2bbBp2Hv 2KTHQv2/ iQ T`2/B+i i?2
i2KTQ`H 2pQHmiBQM Q7 T`2pBQmbHv mMb22M /iX S`2/B+iBQM 2``Q` biiBbiB+b `2 i?2M






AM i?Bb +?Ti2`- r2 `2pBb2 i?2 T`BM+BTH iQQHb mb2/ 7Q` /i T`2T`Q+2bbBM;X h?2
Q#iBM2/ `2bmHib rBHH #2 T`2b2Mi2/ BM *?Ti2` 8X
.i +QHH2+iBQM M/ pB/2Q `2+Q`/BM; 7Q` bK`iT?QM2 MHvbBb Kmbi #2 miQ@
Ki2/ #v K2Mb Q7  bT2+B}+ TTHB+iBQMX 7i2` /i ;i?2`BM;- `r /i M22/ iQ
#2 T`2T`Q+2bb2/ iQ //`2bb bQK2 bT2+B}+ T`Q#H2Kb b HQM; b ;QQ/ T`+iB+2 QT2`@
iBQMbX h?2b2 bi2Tb `2 7mM/K2MiH 7Q` i?2 bm#b2[m2Mi mb2 BM K+?BM2 H2`MBM;
H;Q`Bi?KbX h?2b2 QT2`iBQMb `2 T`2b2Mi2/ M/ /2iBH2/ BM i?Bb +?Ti2`X
PM2 Q7 i?2 +QKKQM T`Q#H2Kb Q7 BM2`iBH /i +QHH2+i2/ 7`QK i?2 #mBHi@BM b2MbQ`b
Q7  bK`iT?QM2 Bb i?i i?2 bKTHBM; `i2 +M p`v /m`BM; M +[mBbBiBQMX
h?2 bKTHBM; `i2- BM 7+i- Bb `2Hi2/ iQ i?2 +QKTmiiBQMH HQ/ Q7 i?2 QT2`iBM;
bvbi2KX h?2`27Q`2- Bi +M ?p2  /Bbi`B#miBQM rBi? biM/`/ /2pBiBQM ;`2i2`
i?M x2`QX h?Bb T`Q#H2K H2/b iQ i?2 T`2b2M+2 Q7 i2KTQ`H KBbHB;MK2Mi #2ir22M
i?2 bKTH2b Q7 /Bz2`2Mi b2MbQ`bX >2M+2- M BMi2`TQHiBQM T?b2 Q7 HH ;i?2`2/
bB;MHb Bb M2+2bb`vX
"27Q`2 i?2 bB;MHb `2 T`2T`Q+2bb2/- i?2 pB/2Q BM7Q`KiBQM Kmbi #2 2ti`+i2/
7`QK i?2 `2+Q`/2/ pB/2Q }H2X
Rd
Figure 3.1: Roll, pitch and yaw angles.
3.2 Video information extraction
h?2 pB/2Q `2+Q`/2/ /m`BM; i?2 +[mBbBiBQM T?b2 Bb 2H#Q`i2/ i?`Qm;? *QKTmi2`
oBbBQM i2+?MB[m2b iQ 2ti`+i K2MBM;7mH BM7Q`KiBQM `2;`/BM; i?2 /2pB+2 Q`B2M@
iiBQM BM i?2 j. bT+2X
oB/2Q BM7Q`KiBQM 2ti`+iBQM BKb iQ 2biBKi2 i?2 QTiB+H ~Qr M/ `2i`B2p2 i?2
i`BtBH i2KTQ`H 2pQHmiBQM `2;`/BM; i?2 bK`iT?QM2 Q`B2MiiBQM BM i?2 bT+2
HQM; i?2 r?QH2 pB/2Q +[mBbBiBQMX
Formalization A7 r2 +QMbB/2` +K2`@+2Mi2`2/ +QQ`/BMi2b- 2+? TQBMi QM  i`B/B@
K2MbBQMH bm`7+2 KQp2b HQM;  i`B/BK2MbBQMH Ti?X h?2 T`QD2+iBQM Q7 i?i
TQBMib QMiQ M BK;2 THM2- BMbi2/- T`Q/m+2b  #B@/BK2MbBQMH Ti?X h?2 p2HQ+@
Biv Q7 HH i?2 TQBMib +M #2 +QKTmi2/ 2biBKiBM; i?2B` BMbiMiM2Qmb /B`2+iBQMbX
h?2 #B@/BK2MbBQMH p2HQ+BiB2b 7Q` HH i?2 pBbB#H2 bm`7+2 TQBMib `2 Q7i2M `272``2/
iQ b i?2 #B@/BK2MbBQMH KQiBQM }2H/X h?2 ;QH Q7 i?2 QTiB+H ~Qr 2biBKiBQM Bb
iQ +QKTmi2 M TT`QtBKiBQM Q7 i?2 KQiBQM }2H/ 7`QK i?2 iBK2@p`vBM; BK;2 BM@
i2MbBiv (k)X h?2 /2bB`2/ QmiTmi Bb  i`B/BK2MbBQMH bB;MH `2T`2b2MiBM; i?2 M;mH`
2pQHmiBQM Q7 i?2 bK`iT?QM2- i?mb i?2 `QHH- TBi+?- M/ vr M;H2bX h?2b2 M;H2b
`2 b?QrM BM 6B;m`2 jXR
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LucasandKanade AM i?Bb i?2bBb- GmFb M/ EM/2 QTiB+H ~Qr 2biBKiBQM K2i?Q/
Bb 2tTHQBi2/X h?Bb K2i?Q/ Bb #b2/ QM i?2 bbmKTiBQM i?i i?2 QTiB+H ~Qr p Bb
+QMbiMi BM M n × n M2B;?#Q`?QQ/ q Q7 2p2`v TQBMiX h?Bb H;Q`Bi?K bQHp2b i?2
#bB+ QTiB+H ~Qr 2biBKiBQM 7Q` HH i?2 TBt2Hb BM i?i M2B;?#Q`?QQ/- #v i?2 H2bi
b[m`2b +`Bi2`BQMX
"v +QK#BMBM; BM7Q`KiBQM 7`QK b2p2`H M2`#v TBt2Hb- i?2 Gm+bĜEM/2 K2i?Q/
+M Q7i2M `2bQHp2 i?2 TQbbB#Hv T`2b2Mi K#B;mBiv Q7 i?2 QTiB+H ~Qr 2[miBQMX Ai
Bb HbQ H2bb b2MbBiBp2 iQ BK;2 MQBb2 i?M TQBMi@rBb2 K2i?Q/bX PM i?2 Qi?2` ?M/-
bBM+2 Bi Bb  Tm`2Hv HQ+H K2i?Q/- Bi +MMQi T`QpB/2 ~Qr BM7Q`KiBQM BM i?2 BMi2@
`BQ` Q7 mMB7Q`K `2;BQMb Q7 i?2 BK;2X h?2 H;Q`Bi?Kb- BM 7+i- rQ`Fb +QMbB/2`BM;
b2p2`H F2v TQBMib r?B+? Kmbi #2 B/2MiB}2/ M/ i`+F2/ +`Qbb /Bz2`2Mi 7`K2bX
h?2b2 F2v TQBMib `2 mbmHHv +Q`M2`b M/ 2/;2b- MQi mMB7Q`K `2;BQMbX
Kanade, Lucas and Tomasi Feature Tracker ai`iBM; 7`QK i?2 Gm+b- M/ EM/2 H@
;Q`Bi?K- EM/2- Gm+b M/ hQKbB 72im`2 i`+F2` UEGhV Bb #b2/ QM irQ KBM
bi2Tb,
Ç 6`K2 72im`2 2ti`+iBQMX
Ç 62im`2 i`+FBM;X
6`K2 72im`2 2ti`+iBQM Bb T2`7Q`K2/ mbBM; i?2 a+H2@AMp`BMi 62im`2 h`Mb@
7Q`K UaA6hV i2+?MB[m2 (8d)X h?2 F2v@TQBMi 2ti`+iBQM Bb T2`7Q`K2/ 7Q` 2+? 7`K2
Q7 i?2 pB/2Q mM/2` MHvbBbX h?2M i?2 72im`2 i`+FBM; T?b2 Bb T2`7Q`K2/ #2ir22M
2p2`v +QmTH2 Q7 +QMb2+miBp2 7`K2bX JQ`2 BM /2iBHb- i?2 H;Q`Bi?K rQ`Fb b /2@
b+`B#2/ BM H;Q`Bi?K jXRX
7i2` i?2 i`+FBM; ?b iF2M TH+2- i?2 1bb2MiBH Ki`Bt 1 Bb +QKTmi2/X h?2
1bb2MiBH Ki`Bt Bb  mMB[m2 3×3Ki`Bt r?B+? +Tim`2b i?2 ;2QK2i`B+ `2HiBQMb?BT
#2ir22M irQ +HB#`i2/ +K2`b Q` #2ir22M irQ HQ+iBQMb Q7  bBM;H2 KQpBM;
+K2`X Ai Bb i?2M bmBi2/ iQ MHvx2 i?2 pB/2Q Q7 i?2 ;Bi b2bbBQMX
JQ`2Qp2`- i?2 _La* H;Q`Bi?K Bb 2KTHQv2/ iQ `2KQp2 QmiHB2`b pHm2 r?B+? `2
BM2pBi#Hv T`2b2Mi /m2 iQ  MQM@T2`72+i 2biBKiBQMX h?2 1bb2MiBH Ki`Bt HHQrb
2biBKiBM; irQ KQ`2 mb27mH Ki`B+2b- i?2 `QiiBQM _ M/ i`MbHiBQM i Ki`B+2b
`2Hi2/ iQ i?2 bK`iT?QM2 KQp2K2MibX AM i?2 2M/- Bi Bb TQbbB#H2 iQ `2i`B2p2 i?2
RN
H;Q`Bi?K jXR EGh h`+F2`
Input, a2[m2M+2 Q7 7`K2bX
Output, PTiB+H ~Qr 2biBKiBQMX
RX bTiBH }Hi2`BM; rBi? :mbbBM k. F2`M2Hc
kX i2KTQ`H }Hi2`BM; rBi? R. :mbbBM F2`M2Hc
jX }`bi 7`K2 F2vTQBMib 2ti`+iBQMc
9X 7Q` 2p2`v 7`K2 +QmTH2 I(t)- I(t+ 1),
Ç i`+FBM;, 7Q` 2p2`v F2vTQBMi BM I(t) +QKTmi2 v QM  n × n rBM/Qr
+2Mi2`2/ BM i?2 F2vTQBMic
Ç TTHv KQiBQM iQ 2p2`v TQBMi M/ Q#iBM i?2 TQbBiBQM BM i?2 bm++2bbBp2
7`K2 I(t+ 1)X
i?`22 M;mH` bB;MHb TBi+?- `QHH- M/ vr 7`QK i?2 `QiiBQM Ki`BtX  /2iBH2/
MHvbBb Q7 i?2 1bb2MiBH Ki`Bt M/ Bib 7+iQ`BxiBQM +M #2 7QmM/ BM (k)X
3.3 Data preprocessing
_r /i +QHH2+i2/ 7`QK i?2 ++2H2`QK2i2` M/ ;v`Qb+QT2 b2MbQ`b- iQ;2i?2` rBi?
i?2 bB;MHb 2ti`+i2/ 7`QK i?2 `272`2M+2 pB/2Q- M22/ iQ #2 T`Q+2bb2/ iQ `2KQp2
?B;?@7`2[m2M+v MQBb2 M/ iQ 2ti`+i ;Bi +v+H2bX JQ`2Qp2`- i?2 `r bB;MHb Kmbi
#2 BMi2`TQHi2/ M/ `2bKTH2/ iQ bvM+?`QMBx2 i?2K M/ T/ 2+? 2ti`+i2/ +v+H2
iQ i?2 bK2 H2M;i?X h?2 T//BM; T`Q+2/m`2 Bb T2`7Q`K2/ 2tTHQBiBM;  `2bKTHBM;
QT2`iBQM- T2`7Q`K2/ 7i2` i?2 +v+H2b `2 B/2MiB}2/X h?2 2ti`+i2/ ;Bi +v+H2b `2
i?2M miBHBx2/ iQ 7Q`K i?2 /ib2i 72/ iQ i?2 K+?BM2 H2`MBM; i2+?MB[m2bX h?Qb2
H;Q`Bi?Kb `2 /2iBH2/ BM i?2 M2ti +?Ti2`X
.i T`Q+2bbBM; BM+Hm/2b }p2 KBM T?b2b, BMi2`TQHiBQM- }Hi2`BM;- +v+H2b
2ti`+iBQM- bB;MHb /2@i`2M/BM;- M/ MQ`KHBxiBQMX
ky
Interpolation
b /Bb+mbb2/ #Qp2- bBM+2 i?2 bKTHBM; `i2 Bb MQi +QMbiMi /m`BM; i?2 +[mBbBiBQM
/m2 iQ i?2 MQM@`2H@iBK2 Mim`2 Q7 i?2 M/`QB/ PT2`iBp2 avbi2K- M BMi2`TQHiBQM
bi2T Bb M22/2/X JQ`2Qp2`- bK`iT?QM2b QmiTmi bKTH2b r?2M2p2` i?2`2 Bb  +?M;2
BM i?2 b2MbQ` M/- i?2`27Q`2- i?2 iBK2 BMi2`pHb #2ir22M irQ bKTH2b `2 MQi 2p2MHv
bT+2/ M/ /Bz2` 7Q` 2+? b2MbQ`X 7i2` i?Bb QT2`iBQM- 2p2`v bB;MH bKTH2b `2bmHi
#2BM; 2p2MHv bT+2/ BM iBK2X
Filtering
LQBb2 Bb  +QMbiMi T`2b2M+2 BM bB;MHb K2bm`2/ 7`QK `2H [mMiBiB2b 2pQHmiBQM-
b BM i?Bb +b2X AM i?Bb T`iB+mH` b2imT- r?2`2 i?2 bK`iT?QM2 Bb HQ+i2/ BM M
/@?Q+ +?2bi K/2 bmTTQ`i- i?2 bmTTQ`i Bib2H7 KB;?i BMi`Q/m+2 MQBb2X h?Bb 2z2+i
Bb T`2b2Mi /m2 iQ bTm`BQmb pB#`iBQMb i?i `2 MQi /2b+`BTiBp2 Q7 i?2 rHFBM; bivH2
#mi `2 BM/m+2/ #v M BKT`QT2` r2`BM; Q7 i?2 bmTTQ`iX Ai Bb i?2M M2+2bb`v iQ
}Hi2` bm+? bB;MHb iQ `2KQp2 i?2 MQBb2 r?B+? Bb ivTB+HHv `2Hi2/ iQ ?B;?@7`2[m2M+v
+QKTQM2Mib (83)X h?2 bQHmiBQM iQ i?Bb T`Q#H2K Bb Q7i2M T`QpB/2/ #v i?2 TTHB+iBQM
Q7  HQr Tbb }Hi2`X
 bT2+B}+ +miQz pHm2 Kmbi #2 bT2+B}2/ 7Q` i?2 }Hi2`X h?Bb i?`2b?QH/ pHm2 +M
#2 +?Qb2M #v BMbT2+iBM; i?2 SQr2` aT2+i`H .2MbBiv USa.V Q7 i?2 bB;MHb i ?M/X
Sa. 2biBKiBQM +M #2 +QKTmi2/ i?`Qm;? b2p2`H K2i?Q/b- QM2 Q7 i?2 KQbi mb2/
Bb i?2 q2H+?Ƕb QM2 (8N)X
Cycles Extraction
7i2` i?2 }Hi2` T`Q+2/m`2 ?b #22M +QKTmi2/- Bi Bb TQbbB#H2 iQ 2t2+mi2 i?2 b2;@
K2MiiBQM Q7 i?2 `r bB;MHb BMiQ ;Bi +v+H2bX b /Bb+mbb2/ BM (k)- ?mKM ;Bi
7QHHQrb  +v+HB+ #2?pBQ` r?2`2 i?2`2 Bb  T2`BQ/B+ `2T2iBiBQM Q7  Tii2`M- FMQrM
b  +v+H2- i?i +Q``2bTQM/b TT`QtBKi2Hv iQ irQ ?mKM bi2TbX Ai Bb TQbbB#H2
i?2M iQ B/2MiB7v i?2 +v+H2b M/ bBM;mH`Hv MHvx2 i?2KX
kR
Figure 3.2: Stride, stance and swing times.
hQ 2ti`+i i?2 ;Bi +v+H2b- /Bz2`2Mi i2+?MB[m2b `2 T`2b2Mi BM i?2 HBi2`im`2 b
`2+HH2/ BM *?Ti2` kX h?2 QM2 2tTHQBi2/ BM i?Bb i?2bBb Bb i?2 QM2 BKTH2K2Mi2/ BM
(k) M/ #b2/ QM (ey)X h?2 A* M/ i?2 6* 2p2Mib rBi?BM 2+? +v+H2 `2 2biBKi2/
#v MHvxBM; i?2 p2`iB+H +QKTQM2Mi ay Uv@tBbV Q7 i?2 ++2H2`QK2i2` /iX
AM T`iB+mH`- A* M/ 6* 2p2Mib `2 /2i2`KBM2/ mbBM;  *QMiBMmQmb qp2H2i
h`Mb7Q`K U*qhV Q7 i?2 bB;MH ayX h?2 A* 2p2Mib `2 /2i2+i2/ b i?2 HQ+H
KBMBK Q7 i?2 i`Mb7Q`K2/ bB;MHX AMbi2/- i?2 6*b 2p2Mib `2 /2i2+i2/ b HQ+H
KtBK Q7 i?2 /Bz2`2MiBiBQM Q7 i?2 *qhX
Signals detrending
AM /i MHvbBb- Bi Bb +QKKQM iQ 2M+QmMi2` /i T`2b2MiBM; i`2M/bX 6Q` 2tKTH2-
BM K`F2iBM; /i- i?Bb T`iB+mH` T`Q#H2K Bb Q7i2M 2M+QmMi2`2/ (eR- ek)X  7Q`KH
rv iQ `272` iQ  iBK2 b2`B2b T`2b2MiBM; i`2M/b Bb b MQM@biiBQM`vX
h`2M/b +M #2 /2}M2/ b  +QMiBMm2/ BM+`2b2 Q` /2+`2b2 BM i?2 b2`B2b Qp2` iBK2X
hQ MHvx2 i?2 /i- i?2`2 +M #2 #2M2}ib BM B/2MiB7vBM;- KQ/2HBM;- M/ 2p2M
`2KQpBM; i`2M/ BM7Q`KiBQM 7`QK iBK2 b2`B2b iQ 2tTQb2 mM/2`HvBM; BM7Q`KiBQMX
Ai Bb TQbbB#H2 iQ B/2MiB7v irQ ;2M2`H +Hbb2b Q7 i`2M/bX LK2Hv,
Ç .2i2`KBMBbiB+ h`2M/b, h?2b2 `2 i`2M/b i?i +QMbBbi2MiHv BM+`2b2 Q`
/2+`2b2X
kk
Ç aiQ+?biB+ h`2M/b, h?2b2 `2 i`2M/b i?i BM+`2b2 M/ /2+`2b2 BM+QMbBb@
i2MiHvX
AM ;2M2`H- /2i2`KBMBbiB+ i`2M/b `2 2bB2` iQ B/2MiB7v M/ `2KQp2- #mi biQ+?biB+
QM2b +M biBHH #2 i+FH2/ rBi? i?2 bK2 i2+?MB[m2b miBHBx2/ 7Q` i?2 T`2pBQmb +HbbX
Ai Bb HbQ mb27mH iQ B/2MiB7v i`2M/b BM i2`Kb Q7 i?2B` b+QT2 Q7 Q#b2`piBQMbX
Ç :HQ#H h`2M/b, h?2b2 `2 i`2M/b i?i TTHv iQ i?2 r?QH2 iBK2 b2`B2bX
Ç GQ+H h`2M/b, h?2b2 `2 i`2M/b i?i TTHv iQ T`ib Q` bm#b2[m2M+2b Q7 
iBK2 b2`B2bX
hQ /2i`2M/  iBK2 b2`B2b- i?2 i`2M/ ?b iQ #2 B/2MiB}2/ M/ pBbmHBx2/X oBbmH@
BxiBQM ?2HTb BM /2i2`KBMBM; iQ r?B+? ;2M2`H +Hbb Bi #2HQM;b UBX2X- /2i2`KBMBbiB+
Q` biQ+?biB+VX PM+2 i?2 i`2M/ ?b #22M B/2MiB}2/- Bi +M #2 2HBKBMi2/X h?Bb
HHQrb iQ Q#iBM  biiBQM`v iBK2 b2`B2bX
Normalization
AM K+?BM2 H2`MBM; M/ biiBbiB+H H2`MBM;- Bi Bb ;QQ/ T`+iB+2 iQ MQ`KHBx2 i?2
/i b BMp2biB;i2/ BM (ej)X AM L2m`H L2irQ`Fb TTHB+iBQMb- BMTmi /i MQ`@
KHBxiBQM rBi? +2`iBM +`Bi2`B- T`BQ` iQ i?2 i`BMBM; T`Q+2bb- ?b #22M 7QmM/ iQ
#2 +`m+BH iQ Q#iBM ;QQ/ `2bmHib b r2HH b iQ bT22/ mT i?2 +H+mHiBQMb bB;MB}@
+MiHvX JQ`2Qp2`- BM b2p2`H +Hmbi2`BM; H;Q`Bi?Kb- /i MQ`KHBxiBQM ?b #22M
/2i2`KBM2/ b  7mM/K2MiH bi2T iQ #QQbi i?2 T2`7Q`KM+2 (e9- e8)X AM/22/- /i
MQ`KHBxiBQM BMi2`p2M2 HbQ BM `2;`2bbBQM- pQB/BM;  bm#b2i Q7 72im`2b iQ T`2pBH
#b2/ QM i?2B` `M;2b M/ MQi QM i?2 i`m2 /i K2MBM; (ee)X h?Bb bmKK`Bx2b i?2




_QH2 Q7 J+?BM2 G2`MBM;
Pp2` i?2 Tbi irQ /2+/2b- J+?BM2 G2`MBM; i2+?MQHQ;v ?b +QMiBMmQmbHv ;`QrM-
#2+QKBM; QM2 Q7 i?2 KQbi ii`+iBp2 }2H/b BM A*hX h?2 +QMbiMi BM+`2bBM; /i
pBH#BHBiv- M/ i?2 2ti`Q`/BM`v T2`7Q`KM+2 Q7 T`iB+mH` H;Q`Bi?Kb BM/m+2 iQ
#2HB2p2 i?i bK`i /i MHvbBb rBHH #2+QK2 2p2M KQ`2 T2`pbBp2 b  M2+2bb`v
BM;`2/B2Mi 7Q` i2+?MQHQ;B+H T`Q;`2bb (ed)X
AM i?Bb +?Ti2`- r2 #`B2~v BMi`Q/m+2 K+?BM2 H2`MBM; #bB+ BM7Q`KiBQM `2;`/@
BM; Bib #`M+?2bX am++2bbBp2Hv- i?2 H;Q`Bi?Kb BMpQHp2/ BM i?Bb i?2bBb `2 `2pBb2/
iQ T`2b2Mi i?2B` rQ`FBM; T`BM+BTH2b M/ i?2B` T`Qb M/ +QMbX
h?2 +QM+2Ti #2?BM/ K+?BM2 H2`MBM; +M #2 bii2/ b 7QHHQrbX :Bp2M  i`BMBM;
b2i S- bKTH2/ 7`QK M mMFMQrM /Bbi`B#miBQM D M/ H#2H2/ #v bQK2 i`;2i
7mM+iBQM f X :Bp2M  KQ/2H b2i H +QMiBMBM;  b2i Q7 7mM+iBQMbX
h?2 i`;2i Q7 H2`MBM; H;Q`Bi?Kb Bb iQ /2i2`KBM2 i?2 7mM+iBQM HS : X → Y i?i
KBMBKBx2b i?2 2``Q` rBi? `2bT2+i iQ i?2 mMFMQrM D M/ f M/ M 2``Q` 7mM+iBQMX
h?2 bm#b+`BTi S 2KT?bBx2b i?2 7+i i?i i?2 QmiTmi T`2/B+iQ` /2T2M/b QM SX
J+?BM2 H2`MBM; H;Q`Bi?Kb +M #2 B/2MiB}2/ BM 7Qm` /Bz2`2Mi #`M+?2b /2T2M/BM;














Figure 4.1: Categorization ofMachine Learning problems.
h?2 ;QH Q7 amT2`pBb2/ G2`MBM; Bb iQ Q#iBM T`2/B+iBQMb Q7 M Qmi+QK2 K2@
bm`2 #b2/ QM  MmK#2` Q7 BMTmib HbQ bB/ 72im`2bX 6Q` i?Bb #`M+? Q7 K+?BM2
H2`MBM; i?2 i`;2i pHm2 Bb FMQrMX .Bz2`2MiHv- BM mMbmT2`pBb2/ H2`MBM;- i?2`2
Bb MQ Qmi+QK2 pHm2- M/ i?2 ;QH Bb iQ /2b+`B#2 i?2 bbQ+BiBQMb M/ Tii2`Mb
KQM; i?2 bKTH2b Q7 i?2 /ib2iX
6Q` i?2 Tm`TQb2 Q7 i?Bb rQ`F r2 7Q+mb QM i?2 irQ KBM bmT2`pBb2/ H2`MBM; ibFb-
MK2Hv- `2;`2bbBQM M/ +HbbB}+iBQMX
Ç _2;`2bbBQM, T`2/B+iBQMb `2 #b2/ QM [mMiBiiBp2 pHm2bX h?2 QmiTmi
/QKBM Bb Rnc
Ç *HbbB}+iBQM, T`2/B+iBQMb `2 #b2/ QM [mHBiiBp2 pHm2bX h?2 QmiTmi
/QKBM Bb +i2;Q`B+HX ZmHBiiBp2 p`B#H2b mbmHHv bbmK2 pHm2b 7`QK 
}MBi2 M/ /Bb+`2i2 b2i rBi? MQ 2tTHB+Bi Q`/2`BM;X
AM bmT2`pBb2/ H2`MBM;- i?2 Ki?2KiB+H iQQH 7Q` T`2/B+iBM; yi ;Bp2M BMTmi xi
Bb mbmHHv `272``2/ b  KQ/2HX 6Q` BMbiM+2- rBi?  HBM2` KQ/2H- i?2 T`2/B+iBQM Bb
;Bp2M #v yi =
∑
j wjxij- Q` `i?2`  HBM2` +QK#BMiBQM Q7 r2B;?i2/ BMTmi 72im`2bX
h?2 T`K2i2`b Q7 i?2 KQ/2H `2 i?2 mM/2i2`KBM2/ T`i i?i r2 M22/ iQ H2`M
7`QK i?2 /iX lbmHHv r2 rBHH mb2 w iQ /2MQi2 i?2 T`K2i2`bX
ke
4.1 Notable Algorithms
>2`2- r2 #`B2~v BMi`Q/m+2 i?2 H2`MBM; H;Q`Bi?Kb i?i `2 +QMbB/2`2/ i?`Qm;?Qmi
i?Bb i?2bBbX
4.1.1 Linear Regression
GBM2` _2;`2bbBQM UG_V rb i?2 }`bi ivT2 Q7 `2;`2bbBQM MHvbBb iQ #2 bim/B2/
`B;Q`QmbHv- M/ iQ #2 mb2/ 2ti2MbBp2Hv BM T`+iB+H TTHB+iBQMbX h?2 `2bQM Bb iQ
#2 7QmM/ BM i?2 7+i i?i HBM2` KQ/2Hb `2 2bB2` iQ mM/2`biM/ i?M MQM HBM2`
QM2bX JQ`2Qp2`- i?2 biiBbiB+H T`QT2`iB2b Q7 i?2 `2bmHiBM; 2biBKiQ`b `2 bBKTH2`
iQ /2i2`KBM2 (e3)X
GBM2` `2;`2bbBQM bBKTHB+Biv Bb i?2 F2v iQ 2bBHv i+FH2  bB;MB}+Mi MmK#2` Q7
T`Q#H2Kb [mB+FHvX Ai Bb HbQ `2+QKK2M/2/ b  `272`2M+2 KQ/2H iQ bb2bb i?2 #b2@
HBM2 T2`7Q`KM+2 QM  T`Q#H2KǶb bQHmiBQMX Ai Bb i?2M TQbbB#H2 iQ /2i2`KBM2 r?2i2`
+QKTH2t KQ/2Hb +?B2p2 #2ii2` `2bmHib Q` MQiX AM T`iB+mH`- i?Bb Bb i?2 `2bQM
r?v HBM2` `2;`2bbBQM ?b #22M +QMbB/2`2/ BM i?Bb i?2bBbX
GBM2` `2;`2bbBQM KQ/2Hb i?2 `2HiBQMb?BT #2ir22M bQK2 ǳ2tTHMiQ`vǴ p`B#H2b
M/ bQK2 `2H@pHm2/ Qmi+QK2 mbBM;  b2i Q7 HBM2` 7mM+iBQMbX *bi b  H2`MBM;
T`Q#H2K- i?2 /QKBM b2i X Bb  bm#b2i Q7 Rd- 7Q` bQK2 d- M/ i?2 H#2Hb b2i Y Bb
i?2 b2i Q7 `2H MmK#2`b RX h?2 Tm`TQb2 Q7 HBM2` `2;`2bbBQM Bb iQ H2`M  HBM2`
7mM+iBQM h : Rd → R i?i #2bi TT`QtBKi2b i?2 `2HiBQMb?BT #2ir22M  b2i Q7
72im`2b M/ M QmiTmi pHm2 (eN)X
 HBM2` T`2/B+iQ` Bb  7mM+iBQM Q7 i?2 mMFMQrM KQ/2H T`K2i2`b Uw ∈ Rd+1V
r?B+? `2 2biBKi2/ 7`QK i?2 /iX h?2 HBM2` 7mM+iBQM +M HbQ #2 2tT`2bb2/ b




r?2`2 wj rBi? j = 0, . . . , d `2 i?2 KQ/2H T`K2i2`bX
h?2 H2`MBM; T`/B;K `2[mB`2b iQ /2i2`KBM2 fˆ(X) iQ T`2/B+i v ;Bp2M XX Ai Bb
i?2M M2+2bb`v iQ T2MHBx2 i?2 2``Q`b K/2 /m`BM; i?2 T`2/B+iBQM T?b2X h?Bb Bb
/QM2 BMi`Q/m+BM;  GQbb 6mM+iBQMX
a2p2`H HQbb 7mM+iBQMb `2 pBH#H2- i?2 KQbi +QKKQM M/ rB/2Hv mb2/ `2
kd
HBbi2/ #2HQr,
Ç a[m`2/ HQbb 7mM+iBQM, L(h, (x, y)) = (h(x), y)2- +QKKQMHv mb2/ 7Q` `2;`2b@
bBQMc
Ç #bQHmi2 HQbb 7mM+iBQM, L(h, (x, y)) = |(h(x), y)|c
Ç "BM`v HQbb 7mM+iBQM, L(h, (x, y)) = !(h(x), y)"- r?B+? Bb i?2 BM/B+iBQM 7mM+@
iBQM 7Q` r?B+? !A" = 1 B7 A Bb i`m2- x2`Q Qi?2`rBb2X h?Bb HQbb 7mM+iBQM Bb
+QKKQMHv mb2/ 7Q` +HbbB}+iBQM Tm`TQb2b- QmiTmiiBM; QM2 B7 M/ QMHv B7 i?2
T`2/B+iBQMb Bb r`QM;X








(⟨w,xi⟩ − yi)2, U9XkV
r?2`2 m Bb i?2 +`/BMHBiv Q7 X- M/ ⟨·, ·⟩ `2T`2b2Mib i?2 BMM2` T`Q/m+i QT2`iBQMX
hQ bQHp2 T`Q#H2K 9Xk- Bi Bb M2+2bb`v iQ +QKTmi2 i?2 ;`/B2Mi rBi? `2bT2+i iQ w-


















Bi Bb TQbbB#H2 iQ /2i2`KBM2 i?2 QTiBKH bQHmiBQM w∗,
w∗ = A−1b U9X8V
h?2 KBM HBKBiiBQM Q7 i?2 HBM2` `2;`2bbBQM Bb i?2 BM+T+Biv iQ TT`QtBKi2
MQM@HBM2` /2T2M/2M+B2b #2ir22M i?2 72im`2b M/ i?2 QmiTmibX 6Q` i?Bb `2bQM-
KQ`2 bQT?BbiB+i2/ `2;`2bbQ`b ?p2 #22M BMi`Q/m+2/X
q?2M i?2 QmiTmi Bb KmHiB/BK2MbBQMH- HBM2` `2;`2bbBQM Bb HbQ `272``2/ b KmHiB@
p`Bi2 HBM2` `2;`2bbBQM (dy)X
k3
4.1.2 Support VectorMachines
 amTTQ`i o2+iQ` J+?BM2b UaoJbV Bb  bmT2`pBb2/ H2`MBM; H;Q`Bi?K b2`pBM;
#Qi? +HbbB}+iBQM M/ `2;`2bbBQM Tm`TQb2bX >Qr2p2`- bBM+2 aoJb `2 KQ`2 +QK@
KQMHv mb2/ BM +HbbB}+iBQM T`Q#H2Kb- i?Bb Bb r?i r2 rBHH 7Q+mb QM BM i?Bb b2+iBQMX
aoJb `2 #b2/ QM i?2 B/2 Q7 }M/BM;  ?vT2`THM2 i?i #2bi /BpB/2b  /ib2i
BMiQ irQ +Hbb2b- b b?QrM BM 6B;m`2 9XkX
amTTQ`i o2+iQ` J+?BM2 UaoJV `2 #b2/ QM i?2 +QM+2Ti Q7 bmTTQ`i p2+iQ`bX
h?2b2 `2 i?2 p2+iQ`b +QMM2+iBM; i?2 Q`B;BM iQ i?2 /i TQBMib i?i `2 +HQb2` iQ
i?2 /BpB/BM; ?vT2`THM2X
h?2 aoJ T`/B;K i+FH2b i?2 bKTH2 b2T`iBQM +?HH2M;2 #v b2`+?BM; 7Q`
ǳH`;2 K`;BMǴ b2T`iQ`bX _Qm;?Hv bT2FBM;-  ?H7bT+2 b2T`i2b  i`BMBM; b2i
rBi?  H`;2 K`;BM B7 HH i?2 2tKTH2b `2 MQi QMHv QM i?2 TT`QT`Bi2 bB/2 Q7







w (x) + b = − 1
w (x) + b = 0
w (x) + b = +1
K (x i , x j ) = (x i ) (x j )
Figure 4.2: Example of margin in SVMhyperplane separation.
JQ`2 7Q`KHHv-  aoJ +QMbi`m+ib  ?vT2`THM2 BM  ?B;? Q` BM}MBi2@/BK2MbBQMH
bT+2X h?2 b2T`iBM; ?vT2`THM2 Bb /2}M2/ b H = {x |⟨w,x⟩ + b = 0}- r?2`2
w Bb  MQ`KH iQ i?2 ?vT2`THM2 b b?QrM BM 6B;m`2 9XkX h?2 /BbiM+2 #2ir22M
i?2 THM2 iQ i?2 Q`B;BM Bb |b|- M/ ||w|| Bb i?2 1m+HB/2M MQ`K Q7 wX AMimBiBp2Hv- 
;QQ/ b2T`iBQM Bb +?B2p2/ #v i?2 ?vT2`THM2 i?i ?b i?2 H`;2bi /BbiM+2 iQ i?2
kN
M2`2bi i`BMBM; /i TQBMi Q7 Mv +Hbb UbQ@+HH2/ 7mM+iBQMH K`;BMVX h?Bb Bb /m2
iQ i?2 7+i i?i i?2 H`;2` i?2 K`;BM- i?2 HQr2` i?2 ;2M2`HBxiBQM 2``Q` Q7 i?2
+HbbB}2`X h?Bb ?TT2Mb #2+mb2 i?2 7mM+iBQMH K`;BM `2/m+2b i?2 b2MbBiBpBiv Q7
i?2 +HbbB}+iBQM iQ i?2 MQBb2 i?i Kv z2+i i?2 /iX h?Bb KtBKmK K`;BM Bb
bQm;?i /m`BM; i?2 i`BMBM; T?b2X h?2 K`;BM Bb HBKBi2/ #v i?2 irQ ?vT2`THM2b
H1 = {x |⟨w,x⟩+b = 1} M/ H2 = {x |⟨w,x⟩+b = −1}- ?2M+2- Bi Bb Q7 bBx2 irQX
JQ`2Qp2`- i?2b2 ?vT2`THM2b `2 i?2 QM2b r?2`2 i?2 bmTTQ`i p2+iQ` TQBMib HB2X
h?2 QmiTmi pHm2b Q7 i?Bb +HbbB}+iBQM `2 vi ∈ {−1, 1} r?B+? bT2+B7v i?2 +Hbb
+Q``2bTQM/BM; iQ i`BMBM; p2+iQ` xi- i ∈ {1, ...,m}- r?2`2 m Bb i?2 +`/BMHBiv Q7
i?2 /ib2i XX
Ai Bb TQbbB#H2 iQ 7Q`KHBx2 irQ /Bz2`2Mi +b2b Q7 b2T`iBQMb,
Ç >`/@aoJ, AM i?Bb +b2- i?2 H;Q`Bi?K b22Fb i?2 #2bi K`;BM i?i b2T@
`i2b i?2 +Hbb2b- rBi? i?2 +QMbi`BMi i?i HH i?2 TQBMib `2 +Q``2+iHv +Hb@
bB}2/X h?Bb Bb i?2 +b2 T`2b2Mi2/ bQ 7`X Ai Bb BKTHB+BiHv bbmK2/ i?i i?2
i`BMBM; b2i Bb HBM2`Hv b2T`#H2- r?B+? BM `2H HB72 /i Bb  `i?2` bi`QM;
bbmKTiBQMX h?2 ?`/ aoJ QTiBKBxiBQM T`Q#H2K Kv #2 2tT`2bb2/ b
7QHHQrb (eN),
>_.@aoJ
BMTmi, (t1, v1), . . . , (tm, vm)
bQHp2,
(r0, b0) = argmin
(w,b)
∥r∥2 s.t. ∀i, vi(⟨r,ti⟩+ b) ≥ 1 U9XeV
QmiTmi, rˆ = r0∥r0∥ - bˆ = b0∥r0∥
Ç aQ7i@aoJ, AM i?Bb b2+QM/ +b2- i?2 H;Q`Bi?K HHQrb i?2 T`2b2M+2 Q7 KBb@
+HbbB}2/ TQBMib iQ r?B+? Bi bbB;Mb  r2B;?i T`QTQ`iBQMH iQ i?2 /BbiM+2 ξ
7`QK i?2 ?vT2`THM2 `2Hi2/ iQ i?2 +Q``2+i +HbbB}+iBQM `2;BQM- b b?QrM BM
6B;m`2 9XkX AM i?Bb +b2- i?2 r2B;?ib ξ `2 +QMbB/2`2/ T`i Q7 i?2 2``Q` KBM@
BKBxiBQM T`Q+2/m`2 i?i T`Q/m+2b i?2 bQHmiBQMX q2 +M b22 7`QK i?2 bQ7i
K`;BM QTiBKBxiBQM T`Q#H2K /2}MBiBQM- ?Qr i?2 r2B;?ib ξ ?p2 i?2 `QH2 Q7
//BiBQMH i2`Kb rBi?BM i?2 7mM+iBQM iQ KBMBKBx2X PM i?2 Qi?2` ?M/- i?2v
HbQ `2 BMpQHp2/ BM i?2 +QMbi`BMi /2}MBiBQMX
aP6h@aoJ
BMTmi, (x1, v1), . . . , (xm, vm)















q?2`2b i?2 Q`B;BMH T`Q#H2K Kv #2 bii2/ BM  HQr /BK2MbBQMH bT+2- Bi Q7i2M
?TT2Mb i?i i?2 /i `2 MQi HBM2`Hv b2T`#H2X 6Q` i?Bb `2bQM- Bi rb T`QTQb2/
iQ KT i?2 Q`B;BMH T`Q#H2K BMiQ  Km+? ?B;?2` /BK2MbBQMH QM2X
E2`M2H K2i?Q/b `2  +Hbb Q7 H;Q`Bi?Kb r?B+? Qr2 i?2B` MK2 iQ i?2 mb2 Q7
F2`M2H 7mM+iBQMb K(x,x′) = φ(x)φ(x′)- r?2`2 φ(x) `2T`2b2Mib i?2 72im`2 KTTBM;
i`Mb7Q`KiBQM BMiQ i?2 ?B;?2` /BK2MbBQMH bT+2X h?2 KQbi FMQrM H;Q`Bi?K Q7
i?Bb +Hbb Bb i?2 aoJ QM2X
E2`M2H 7mM+iBQMb `2 /2bB;M2/ iQ 2M#H2 i?2 KTTBM; Q7 i?2 /i rBi?Qmi i?2 M22/
Q7 +QKTmiBM; i?2 +QQ`/BMi2b BM i?2 ?B;?2` /BK2MbBQMH bT+2X AM 7+i-  F2`M2H
7mM+iBQM TTHB2b i?2 i`Mb7Q`KiBQM #v bQH2Hv +QKTmiBM; i?2 BMM2` T`Q/m+ib #2@
ir22M HH TB`b Q7 /i- Q#iBMBM;  i`Mb7Q`KiBQM BM  Km+? KQ`2 +QKTmiiBQM@
HHv 2{+B2Mi KMM2`X
h?Bb TT`Q+? Bb +HH2/ i?2 F2`M2H i`B+F (dR), #v mbBM; Bi Mv HBM2` KQ/2H +M
#2 im`M2/ BMiQ  MQM@HBM2` QM2 `2TH+BM; Bib 72im`2b UT`2/B+iQ`bV #v  F2`M2H
7mM+iBQMX h?2 T`BM+BTH F2`M2H 7mM+iBQMb `2,
Ç GBM2` F2`M2H, K(x,x′) = x⊤x c
Ç aB;KQB/ F2`M2H, K(x,x′) = (γx⊤x+ ζ)d 7Q` d, γ, ζ > 0 c
jR
Ç .2;`22@Z TQHvMQKBH F2`M2H, K(x,x′) = (γx⊤x+ ζ) c
Ç :mbbBM@_/BH "bBb U_"6V F2`M2H, K(x,x′) = e(−γ∥x−x′∥2) 7Q` γ > 0X





Figure 4.3:Mapping of non-linear separable training data fromR2 intoR3
aoJb ?p2 i?2 /pMi;2 Q7 MQi KFBM; Mv bi`QM; bbmKTiBQM QM i?2 /iX
JQ`2Qp2`- i?2 HBF2HB?QQ/ Q7 Qp2`}iiBM; Bb `2/m+2/ rBi? `2bT2+i iQ Qi?2` +HbbB}2`bX
PM i?2 Qi?2` ?M/- aoJb `2 MQi r2HH bmBi2/ M2Bi?2` 7Q` H`;2 /ib2ib- /m2 iQ
i?2 ?B;? i`BMBM; iBK2- MQ` 7Q` MQBbv /ib2ib rBi? p2`v Qp2`HTTBM; +Hbb2bX
4.1.3 Random Forests
_M/QK 6Q`2bib U_6bV Q` `M/QK /2+BbBQM 7Q`2bib (dk) `2 M 2Mb2K#H2 M/ pQiBM;
#b2/ K+?BM2 H2`MBM; H;Q`Bi?Kb 7Q` +HbbB}+iBQM- `2;`2bbBQM M/ Qi?2` ibFbX
_6b +QMbi`m+i  KmHiBim/2 Q7 /2+BbBQM i`22b (dj) r?B+? `2 HH mb2/ iQ +QKTmi2
 T`2/B+iBQMX h?2 }MH T`2/B+iBQM Bb i?2 KQ/2 Q7 i?2 +Hbb2b U+HbbB}+iBQMV Q`
i?2 K2M U`2;`2bbBQMV Q7 i?2 BM/BpB/mH i`22b T`2/B+iBQMbX JQ`2Qp2`- _6b `2bQHp2
i?2 /2+BbBQM i`22bǶb ?#Bi Q7 Qp2`}iiBM; iQ i?2B` i`BMBM; b2i (eN)X 1Mb2K#H2 K2i?@
Q/b BK i BKT`QpBM; i?2 +HbbB}+iBQM ++m`+v #v ;;`2;iBM; T`2/B+iBQMb 7`QK
KmHiBTH2 +HbbB}2`b U#;;BM;VX h?2 KQ`2 /Bp2`b2 M/ i?2 H2bb +Q``2Hi2/ i?2 #b2
+HbbB}2`b- i?2 KQ`2 ++m`i2 Bb i?2 2Mb2K#H2 `2bmHiX
.2}MBiBQM,  `M/QK 7Q`2bi Bb  +HbbB}2` +QMbBbiBM; Q7  +QHH2+iBQM Q7
i`22@bi`m+im`2/ +HbbB}2`b {h(x,θk), k = 1, 2, . . . } r?2`2 i?2 {θk} `2 BM/2T2M/2Mi
B/2MiB+HHv /Bbi`B#mi2/ `M/QK p2+iQ`b- M/ 2+? i`22 +bib  mMBi pQi2 7Q` i?2 KQbi
TQTmH` +Hbb i BMTmi xX
jk
h?2 ;2M2`iBQM Q7 2+? i`22 BM i?2 7Q`2bi Bb T2`7Q`K2/ ++Q`/BM; iQ i?2 7QHHQrBM;
bi2Tb r?B+? BMi`Q/m+2 BM i?2 7Q`2bi irQ bQm`+2b Q7 `M/QKBxiBQM,
RX "QQbi`T bKTHBM;, A7 i?2 +`/BMHBiv Q7 i?2 i`BMBM; b2i Bb L- i?2M L
/Bz2`2Mi `2+Q`/b `2 bKTH2/ i `M/QK- #mi rBi? `2TH+2K2Mi- 7`QK i?2
Q`B;BMH /iX h?Bb bKTH2 rBHH #2 i?2 i`BMBM; b2i 7Q` ;`QrBM; i?2 i`22c
kX 62im`2 bKTHBM;, A7 M Bb i?2 MmK#2` Q7 BMTmi p`B#H2b Q` 72im`2b-
i 2+? MQ/2- m ≪ M p`B#H2b `2 +?Qb2M i `M/QK Qmi Q7 M X h?2b2
72im`2b `2 i?2M mb2/ iQ /2i2`KBM2 i?2 #2bi bTHBi Q7 i?2 MQ/2X h?2 pHm2
Q7 m Bb ?2H/ +QMbiMi /m`BM; 7Q`2bi ;`Qri? M/ 2+? i`22 Bb ;`QrM iQ i?2
H`;2bi 2ti2Mi TQbbB#H2X
h?2 MmK#2` Q7 i`22b- i?2 MmK#2` Q7 p`B#H2b UKV b2H2+i2/ i 2+? MQ/2 M/ i?2
/2Ti? Q7 2+? i`22 `2 ?vT2`@T`K2i2`b i?i ?p2 iQ #2 imM2/X
PM+2 i?2 7Q`2bi Bb i`BM2/- i?2 +HbbB}+iBQM T`Q+2/m`2 QM M2r /i Bb Q#iBM2/
#v K2Mb Q7  pQiBM; bvbi2KX
aii2 Q7 i?2 `i _6 (d9) `2 +?`+i2`Bx2/ #v,
Ç h?2 mb2 Q7 Pmi@Q7@#; UPP"V 2``Q` b M 2biBKi2 Q7 i?2 ;2M2`HBxiBQM
2``Q`X AM i?2 7Q`2bi #mBH/BM; T`Q+2bb- r?2M i?2 #QQibi`T bKTH2 b2i Bb
/`rM- #Qmi Rfjrd Q7 Q`B;BMH /i BMbiM+2b `2 H27i QmiX h?Bb b2i Q7
BMbiM+2b- /Bz2`2Mi 7Q` 2+? i`22- Bb +HH2/ P"" /i M/ Bb mb2/ 7Q` 2``Q`
2biBKiBQM QM 2+? i`22c
Ç h?2 mb;2 Q7 T`QtBKBiB2b b+Q`2 BM `2TH+BM; KBbbBM; pHm2b M/ QmiHB2`bX h?2
T`QtBKBiv b+Q`2 Bb +QKTmi2/ 7Q` 2+? TB` Q7 /i bKTH2bX h?Bb K2i`B+ Bb
2ti`+i2/ 7i2` 2+? i`22 Bb #mBHiX AM T`iB+mH`- T`QtBKBiB2b `2 +H+mHi2/ BM
i?Bb rv, B7 irQ bKTH2b `2 `mM /QrM i?2 i`22 M/ i?2v 2M/ mT Q++mTvBM;
i?2 bK2 i2`KBMH MQ/2- i?2B` T`QtBKBiv Bb BM+`2b2/ #v QM2X i i?2 2M/ Q7
i?2 `mM- i?2 T`QtBKBiB2b `2 MQ`KHBx2/ #v /BpB/BM; #v i?2 MmK#2` Q7 i`22bX
h?2 _6 H;Q`Bi?K Bb +?`+i2`Bx2/ #v b2p2`H 2t+2HH2Mi T`QT2`iB2b bm+? b i?2B`
`Q#mbiM2bb iQ MQBb2 M/ +QKTmiiBQMH bT22/X _6b /Q MQi `2[mB`2 Mv BMTmi T`2T@
`iBQM- M/ `2 +T#H2 Q7 ?M/HBM; MmK2`B+H- #BM`v M/ +i2;Q`B+H 72im`2bX
i i?2 bK2 iBK2 i?2v +M HbQ ?M/H2 QmiHB2`b M/ KBbbBM; pHm2bX h?2B` +T+Biv
jj
iQ +?B2p2 ?B;? +HbbB}+iBQM ++m`+v rBi?Qmi i?2 `BbF Q7 Qp2`}iiBM; ?p2 K/2
i?2K [mBi2 MQiQ`BQmbX
.2bTBi2 HH i?2b2 ;QQ/ [mHBiB2b- bQK2 +`BiB+H Bbbm2b `2KBMX AM 7+i- i?2B`
i?2Q`2iB+H MHvbBb Bb [mBi2 /B{+mHiX AM bQK2 +b2b- i?2 H;Q`Bi?K +M ;2i #Bb2/
M/ i?2 p`B#H2 BKTQ`iM+2 b+Q`2b Uw@b+Q`2V /Q MQi b22K iQ #2 `2HB#H2X b Hbi-
r?2M mbBM; _6 7Q` `2;`2bbBQM- Bi /Q2b MQi T`2/B+i #2vQM/ i?2 `M;2 Q7 i?2 `2bTQMb2
pHm2b BM i?2 i`BMBM; /i- i?mb `2/m+BM; Bib +T+Biv iQ ;2M2`HBx2X
4.1.4 XGBoost
s:"QQbi Us:"V (d8) BKTH2K2Mib i?2 ;`/B2Mi #QQbiBM; /2+BbBQM i`22 H;Q`Bi?K
r?B+? rb T`2b2Mi2/ BM (de)X :`/B2Mi #QQbiBM; iF2b Bib MK2 7`QK i?2 mb2 Q7
i?2 ;`/B2Mi /2b+2Mi H;Q`Bi?K iQ KBMBKBx2 i?2 HQbb r?2M //BM; M2r KQ/2Hb iQ
i?2 2Mb2K#H2 /m`BM; i?2 i`BMBM; T?b2X
b 7Q` _6- s:" Bb #b2/ QM /2+BbBQM i`22bX h?2 KBM /Bz2`2M+2b #2ir22M i?2b2
irQ H;Q`Bi?Kb +QMbBbi BM i?2 2Mb2K#HBM; K2i?Q/ M/ BM i?2 rv i?2v KF2
/2+BbBQMbX
_6 mb2b T`HH2H 2Mb2K#HBM;- K2MBM; i?i 7i2` /i M/ 72im`2 bKTHBM;- HH
i?2 i`22b `2 #mBHi bBKmHiM2QmbHvX h?2 }MH KQ/2H Bb i?2 T`HH2H 2Mb2K#H2 Q7 HH
i?2 i`22bX
.Bz2`2MiHv- s:" 2tTHQBib b2[m2MiBH 2Mb2K#HBM;- BM i?Bb +b2- i?2 i`22b `2
b2[m2MiBHHv //2/ iQ i?2 KQ/2H- M/ 2+? Q7 i?2K `2Hv QM i?2 T2`7Q`KM+2b Q7
i?2 KQ/2H i i?2 T`2pBQmb bi2TX s:" bi`ib rBi?  b?HHQr i`22 M/ mb2b Bi
iQ KQ/2H i?2 Q`B;BMH i`;2iX h?2M Bi iF2b i?2 2``Q` 7`QK i?2 }`bi `QmM/ Q7
T`2/B+iBQMb M/ mb2b Bi b  M2r i`;2i 7Q`  b2+QM/ i`22X h?Bb T`Q+2/m`2 Bb i?2M
`2T2i2/ mMiBH  biQTTBM; +QM/BiBQM Bb K2iX s:" 2bb2MiBHHv 7Q+mb2b QM KQ/2HBM;
T`2/B+iBQM 2``Q`b 7`QK T`2pBQmb i`22bX
h?2 rv i?2 KQ/2H Bb +`2i2/ HbQ `2~2+ib i?2 rv T`2/B+iBQMb `2 K/2, _6 BK@
TH2K2Mib  bBKTH2 KDQ`Biv pQi2 7Q` +HbbB}+iBQM- r?BH2 s:" ;2ib i?2 /pMi;2
Q7  r2B;?i2/ KDQ`Biv pQi2X h?Bb mbmHHv i2M/b iQ T`QpB/2 #2ii2` T2`7Q`KM+2bX
.m`BM; i?2 i`BMBM; T?b2- _6 rQ`Fb #v Qp2`}iiBM; bm#bKTH2b Q7 i?2 i`BMBM;
/i M/ i?2M `2/m+2b i?2 Qp2`}i p2`;BM; i?2 T`2/B+iQ`Ƕb QmiTmiX s:" bm+@
+2bbBp2Hv i`BMb i`22b QM i?2 `2bB/mHb 2``Q` Q7 i?2 T`2pBQmb KQ/2HbX .m2 iQ i?Bb
T`Q+2/m`2 _6 `2bmHib iQ ?p2 HQr #Bb M/ ?B;? p`BM+2- QM i?2 +QMi``v- s:"
j9
`2bmHib iQ #2  HQr p`BM+2 M/ ?B;? #Bb KQ/2HX
AM i?2 HBi2`im`2- s:" Bb QM2 Q7 i?2 #2bi H;Q`Bi?Kb pBH#H2 iQ/v- M/ Bi Bb
HKQbi Hrvb QmiT2`7Q`KBM; _6 (dd)X
4.1.5 Recurrent Neural Network
_LLb 2ti2M/ i?2 +QM+2Ti Q7 622/7Q`r`/ L2m`H L2irQ`Fb ULLbV #v //BM; HQQTb
+QMM2+iBQMb iQ i?2 biM/`/ BMTmi@QmiTmi ~QrX LLb 722/ BM7Q`KiBQM bi`B;?i
i?`Qm;?- M2p2` iQm+?BM;  ;Bp2M MQ/2 irB+2- ?2M+2 i?2v `2 mbmHHv `2T`2b2Mi2/
#v K2Mb Q7 .B`2+i +v+HB+ :`T?b U.:bVX _LLb BMbi2/- +v+H2 /i i?`Qm;?
HQQTbX
Feed Forward (FF)
Figure 4.4: Example of feed-forward network.
q2 +M MQr BMi`Q/m+2 bQK2 7Q`KHBbK, i?2 }`bi M/ Hbi Hv2`b Uv2HHQr M/ `2/
BM 6B;m`2 9X9V `2 +HH2/ `2bT2+iBp2Hv AMTmi Gv2` M/ PmiTmi Gv2`X 1+? Hv2`
BM #2ir22M U;`22MV Bb `272``2/ iQ b  >B//2M Gv2`X
LQ/2b BM i?2 AMTmi Gv2` `2 `272``2/ iQ b Xi rBi? i = 1, . . . , p- r?2`2 p Bb i?2
BMTmi /BK2MbBQMX
LQ/2b BM i?2 PmiTmi Gv2` `2 `272``2/ b Yk rBi? k = 1, . . . , KX .2T2M/BM; QM
i?2 ibF #2BM; T2`7Q`K2/ UBX2X +HbbB}+iBQM Q` `2;`2bbBQMV K /2}M2b i?2 MmK#2`
Q7 TQbbB#H2 +Hbb2b Q` i?2 MmK#2` Q7 T`2/B+i2/ 72im`2b
h?2 MQK2M+Him`2 7Q`  >B//2M Gv2`b MQ/2 Bb Z(l)di - r?2`2 l B/2MiB}2b i?2 ?B//2M
Hv2` M/ di B/2MiB}2b i?2 bT2+B}+ MQ/2 BM i?i Hv2`X
j8
lbBM; ;`T? i?2Q`v MQK2M+Him`2- r2 +M MK2 2+? +QMM2+iBQM #2ir22M i?2
MQ/2b b M `+X 1+? `+ Bb bbQ+Bi2/ rBi?  /Bz2`2Mi r2B;?i r(l)i,j r?2`2 i, j, l
`2 i?2 BM/B+2b Q7 i?2 MQ/2b +QMM2+i2/ #v i?2 `+ M/ i?2 bT2+B}+ Hv2` r2 `2
+QMbB/2`BM;- `2bT2+iBp2HvX AM T`iB+mH`- mbBM; i?2 MQiiBQM w(l)i,j r2 `272` iQ i?2
r2B;?i Q7 i?2 `+ i?i +QMM2+ib i?2 MQ/2 i Q7 Hv2` (l − 1) iQ i?2 MQ/2 j Q7 Hv2`








r?2`2 φ Bb +HH2/ +iBpiBQM 6mM+iBQM- M/ Bi Bb TTHB2/ iQ 2+? MQ/2 M/ BMi`Q@
/m+2b  i`Mb7Q`KiBQM QM i?2 BMTmi Q7 i?2 MQ/2X LQi#H2 +iBpiBQM 7mM+iBQMb
`2,
Ç GBM2`, φ(x) = x c
Ç aB;KQB/, φ(x) = 1
1 + e−x
c
Ç >vT2`#QHB+ hM;2Mi UhM?V, φ(x) = 2
1 + e−2x
− 1 c
Ç _1+iB}2/ GBM2` lMBi U_1GlV, φ(x) =
⎧⎨⎩0 for x ≤ 0x for x ≥ 0
h?2 +?QB+2 Q7 i?2 MmK#2` Q7 ?B//2M Hv2`b (L) b HQM; b i?2 MmK#2` Q7 MQ/2b
T2` Hv2` [d(1), d(2), . . . , d(L−1)] M/ i?2 +iBpiBQM 7mM+iBQM Θ /2}M2b i?2 M2irQ`F
KQ/2H b2i HX
h?2 i`BMBM; T`Q+2/m`2 Q7 i?2 M2irQ`F KQ/B}2b i?2 r2B;?ib (w) iQ KBMBKBx2 
bT2+B}+ HQbb 7mM+iBQMX h?Bb T`Q+2/m`2 Bb T2`7Q`K2/ i?`Qm;? i?2 TTHB+iBQM Q7 i?2
"+FT`QT;iBQM H;Q`Bi?K (d3)X
h?2 KBM /Bz2`2M+2 #2ir22M  722/7Q`r`/ M2irQ`F M/ M _LL Bb i?i i?2
7Q`K2` ?b MQ MQiBQM Q7 Q`/2` BM iBK2- M/ i?2 QMHv BMTmi Bi +QMbB/2`b Bb i?2
+m``2Mi 2tKTH2 Bi ?b #22M 2tTQb2/ iQX _LLb- QM i?2 Qi?2` ?M/- iF2 b BMTmi-
MQi QMHv i?2 +m``2Mi 2tKTH2 i?2v b22- #mi HbQ i?2B` Tbi bii2b- b b?QrM BM
6B;m`2 9X8X
je
Recurrent Neural Network (RNN)
Figure 4.5: Example of recurrent neural network.
_LLb ?p2 irQ bQm`+2b Q7 BMTmi- i?2 T`2b2Mi M/ i?2 `2+2Mi Tbi- r?B+? `2
+QK#BM2/ iQ /2i2`KBM2 ?Qr iQ `2bTQM/ iQ M2r /iX Ai Bb Q7i2M bB/ i?i `2+m``2Mi
M2irQ`Fb ?p2 K2KQ`vX //BM; K2KQ`v iQ M2m`H M2irQ`Fb ?b  Tm`TQb2, i?2`2
Bb BM7Q`KiBQM BM i?2 b2[m2M+2 Bib2H7- M/ _LLb KM;2b iQ }M/ T2+mHB` Tii2`Mb
BM BiX h?Bb Bb i?2 KBM `2bQM r?v _LL `2 #2bi bmBi2/ iQ iBK2 b2`B2b MHvbBbX
h?2 b2[m2MiBH BM7Q`KiBQM Bb T`2b2`p2/ BM i?2 _LLǶb ?B//2M bii2bX h?2 ?B//2M
bii2b z2+i i?2 T`Q+2bbBM; Q7 M2r bKTH2b ++Q`/BM; iQ  +b+/2 2z2+iX h?Bb
+b+/2 HHQrb i?2 _LLb iQ /2i2`KBM2 +Q``2HiBQMb #2ir22M MQM+QMiB;mQmb 2p2Mib
BM i?2 b2[m2M+2X h?2b2 +Q``2HiBQMb `2 +HH2/ ǴHQM;@i2`K /2T2M/2M+B2bǴ- K2MBM;
i?i M 2p2Mi /2T2M/b mTQM- M/ Bb  7mM+iBQM Q7- QM2 Q` KQ`2 2p2Mib i?i +K2
#27Q`2X
6Q` _LLb `+?Bi2+im`2b i?2 MQK2M+Him`2 Bb mbmHHv /Bz2`2Mi 7`QK i?2 QM2 Q7
722/7Q`r`/ LLbX AM 7+i- i?2 MQ/2b QmiTmi `2 MQ HQM;2` `272``2/ b ZX PM i?2
+QMi``v- i?2 MQK2M+Him`2 h Bb mb2/X Ai `2T`2b2Mib #Qi? i?2 +m``2Mi QmiTmi Q7
i?2 +2HH M/ Bib ?B//2M bii2 Q` K2KQ`v- Bi +M #2 2tT`2bb2/ b,
ht = Θ(Wxt + Uht−1). U9XNV
h?2 ?B//2M bii2 i iBK2 bi2T i Bb htX Ai Bb  7mM+iBQM Q7 i?2 BMTmi i i?2 bK2
iBK2 bi2T xt- KQ/B}2/ #v  r2B;?i Ki`Bt W X h?2 ?B//2M bii2 HbQ /2T2M/b QM
Bib T`2pBQmb pHm2- ht−1- KmHiBTHB2/ #v i?2 ?B//2M@bii2@iQ@?B//2M@bii2 Ki`Bt U X
Ji`Bt U Bb HbQ FMQrM b  i`MbBiBQM Ki`BtX
h?2 r2B;?i Ki`B+2b `2 }Hi2`b i?i /2i2`KBM2 ?Qr Km+? BKTQ`iM+2 iQ ++Q`/
iQ #Qi? i?2 T`2b2Mi BMTmi M/ i?2 Tbi ?B//2M bii2X h?2 2``Q` i?2v ;2M2`i2 rBHH
`2im`M pB #+FT`QT;iBQM M/ #2 mb2/ iQ /Dmbi i?2B` r2B;?ib mMiBH i?2 2``Q`
jd
+MMQi ;Q Mv HQr2`X
_LLb `2Hv QM M 2ti2MbBQM Q7 i?2 T`2pBQmbHv +Bi2/ #+FT`QT;iBQM- +HH2/
"+FS`QT;iBQM h?`Qm;? hBK2 U"ShhVX hBK2- BM i?Bb +b2- Bb bBKTHv 2tT`2bb2/
#v  r2HH@/2}M2/- Q`/2`2/ b2`B2b Q7 +H+mHiBQMb HBMFBM; QM2@iBK2 bi2T iQ i?2 M2ti-
r?B+? Bb HH #+FT`QT;iBQM M22/b iQ rQ`FX AM T`+iB+2 h`mM+i2/ "Shh Bb mb2/-
Bi Bb M TT`QtBKiBQM Q7 7mHH "Shh i?i Bb T`272``2/ 7Q` HQM; b2[m2M+2b bBM+2 7mHH
"ShhǶb 7Q`r`/f#+Fr`/ +Qbi T2` T`K2i2` mT/i2 #2+QK2b p2`v ?B;? Qp2`
KMv iBK2 bi2TbX h?2 /QrMbB/2 Bb i?i i?2 ;`/B2Mi +M QMHv ~Qr #+F bQ 7`
/m2 iQ i?i i`mM+iBQM- bQ i?2 M2irQ`F +MMQi H2`M /2T2M/2M+B2b i?i `2 b
HQM; b BM 7mHH "ShhX AM 6B;m`2 9Xe Bb b?QrM  +QKT+i p2`bBQM Q7 M _LL +2HH












h0 h1 h2 ht-1...
Figure 4.6: Example of unrolled BPTT.
MHvxBM; 6B;m`2 9Xe- r2 +M i`+F i?2 /2T2M/2M+v Q7 M QmiTmi bii2 ht i
iBK2 t #v HH Bib T`2/2+2bbQ`b- BM iBK2X JQ`2Qp2`- Bi Bb +H2` ?Qr i?2 QmiTmi Q7 
+2HH Bb rB`2/ #Qi? iQr`/ Qi?2` +2HHb M/ iQr`/ Bib2H7X
GRU cell
 :i2/ _2+m``2Mi lMBi U:_lV rb T`QTQb2/ BM (dN) iQ KF2 2+? `2+m``2Mi mMBi
iQ /TiBp2Hv +Tim`2 /2T2M/2M+B2b Q7 /Bz2`2Mi iBK2 b+H2bX
j3
Gated Recurrent Unit (GRU)
Figure 4.7: Example of recurrent neural network with Gated Recurrent Units.
b T`2pBQmbHv BMi`Q/m+2/ _LLb +2HH- :_l mMBib KBMiBMb  K2KQ`v BM i?2 7Q`K
Q7 BMi2`MH bii2 hX h?Bb +2HH- KQ`2Qp2`- BKTH2K2Mib  ;iBM; bvbi2K i?i KQ/@
mHi2b i?2 ~Qr Q7 BM7Q`KiBQM BMbB/2 i?2 mMBi iQ ?M/H2 i?2 BMi2`+iBQM #2ir22M
bii2 M/ +m``2Mi bKTH2X h?2 ;i2b `2 irQ- MK2Hv, mT/i2 (zt) M/ `2b2i (rt)X
WU WU WU
Figure 4.8: Example of Gated Recurrent Unit.
AM 6B;m`2 9X3 i?2 BMi2`MH bi`m+im`2 Q7  :_l +2HH Bb bF2i+?2/X 1p2`v 2H2K2Mi
Q7 i?2 +2HH M/ i?2B` `2HiBQMb?BT Bb ?2`2 7Q`KHHv T`2b2Mi2/X 6B`bi r2 bi`i #v
/2}MBM; i?2 p`B#H2b BMpQHp2/,
Ç xt, BMTmi p2+iQ`c
Ç ht, QmiTmi p2+iQ`- +iBpiBQM p2+iQ`c
Ç h˜t, +M/B/i2 +iBpiBQMc
Ç zt, mT/i2 ;i2 p2+iQ`c
jN
Ç rt, `2b2i ;i2 p2+iQ`c
Ç W,U M/ b, T`K2i2` Ki`B+2b M/ p2+iQ`X
h?2 +iBpiBQM hjt Q7 i?2 :_l i iBK2 t Bb  HBM2` BMi2`TQHiBQM #2ir22M i?2










r?2`2 M mT/i2 ;i2 zjt /2+B/2b ?Qr Km+? i?2 mMBi mT/i2b Bib +iBpiBQM- Q`
+QMi2MiX h?2 mT/i2 ;i2 Bb +QKTmi2/ #v,
zjt = σ (Wzxt + Uzht−1)
j . U9XRRV
h?2 +M/B/i2 +iBpiBQM h˜jt Bb +QKTmi2/ bBKBH`Hv iQ i?i Q7 i?2 i`/BiBQMH `2@
+m``2Mi mMBi,
h˜t = tanh(Wxt + U(rt ⊙ ht−1))j , U9XRkV
r?2`2 rt Bb  b2i Q7 `2b2i ;i2b M/ ⊙ Bb M 2H2K2Mi@rBb2 KmHiBTHB+iBQMX h?2 `2b2i
;i2 rjt Bb +QKTmi2/ bBKBH`Hv iQ i?2 mT/i2 ;i2,
rjt = σ (Wrxt + Urht−1)
j . U9XRjV
:iBM; ?b `2p2H2/ Bib2H7 b  7mM/K2MiH i2+?MB[m2 iQ i+FH2 QM2 Q7 i?2 KQbi
7KQmb T`Q#H2Kb Q7 biM/`/ `2+m``2Mi M2m`H M2irQ`Fb, i?2 pMBb?BM; ;`/B2Mi
T`Q#H2KX
:_lb `2Hi2b p2`v +HQb2Hv iQ GahJb r?B+? `2 bQ 7` KQ`2 7KQmbX h?2b2 irQ
;i2/ +2HHb- ?Qr2p2`- ?p2 #22M 7QmM/ iQ ?p2 HKQbi i?2 bK2 T2`7Q`KM+2X h?2
`2H M/ +`m+BH /Bz2`2M+2 Bb i?i :_lb BMpQHp2 72r2` ;i2b- i?2`27Q`2- i?2v `2
+QKTmiiBQMHHv KQ`2 2{+B2Mi M/ 2bB2` iQ i`BMX :_lb- BM/22/- `2 #2bi bmBi2/




h?Bb +?Ti2` /2b+`B#2b- BM 7mHH /2iBH- i?2 MQKHv .2i2+iBQM avbi2K /2p2HQT2/
#v i?2 mi?Q`X >2`2 Bi Bb T`2b2Mi2/ ?Qr T`2pBQmbHv BMi`Q/m+2/ H;Q`Bi?Kb M/
/ib2i `2 +QK#BM2/ iQ T2`7Q`K i?2 ibF i ?M/X
6B`biHv- i?2 bi`m+im`2 Q7 i?2 7`K2rQ`F Bb QmiHBM2/- i?2M HH i?2 BKTH2K2MiiBQM
/2iBHb M/ MmK2`B+H 2pHmiBQMb `2 `2TQ`i2/X
h?2 bvbi2K Bb +QKTQb2/ Q7 }p2 KBM #HQ+Fb,
RX .i +[mBbBiBQMc
kX .i M/ pB/2Q T`Q+2bbBM;c
jX _2;`2bbBQMc
9X S`2/B+iBQM 2``Q` biiBbiB+b 2ti`+iBQMc
8X *HbbB}+iBQMX
1+? #mBH/BM; #HQ+F rBHH #2 +?`+i2`Bx2/ M/- B7 T`2b2Mi- BMi2`K2/Bi2 `2bmHib rBHH
#2 /Bb+mbb2/X
9R
 +QM+2TimH `2T`2b2MiiBQM Q7 i?2 7`K2rQ`F Bb b?QrM BM 6B;m`2 8XRX
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Figure 5.1: General scheme of the Gait Anomaly Detection System.
5.1 Data Acquisition
h?2 /ib2i Q7 i?Bb i?2bBb ?b #22M +`2i2/ #v i?2 mi?Q` i?`Qm;?Qmi i?2 +[mB@
bBiBQM Q7 /i 7`QK b2p2`H rHFBM; b2bbBQMbX
h?2 /2pB+2 BMpQHp2/ BM /i +QHH2+iBQM Bb M bmb w2M7QM2 k r?B+? ?b #22M HQ+i2/
BM / ?Q+ K/2 +?2bi bmTTQ`i Ub22 6B;m`2 8XkVX h?2 bK`iT?QM2 Bb mb2/ iQ +QHH2+i
9k
BM2`iBH /i M/ pB/2Q bB;MHb 7`QK i?2 #mBHi@BM b2MbQ`b M/ `2`@7+BM; +K2`
/m`BM; b2p2`H rHFBM; b2bbBQMbX h?Bb bK`iT?QM2 72im`2b  kXj :>x [m/@+Q`2
AMi2H iQK *2Mi`H S`Q+2bbBM; lMBi U*SlV M/ Bi +QK2b rBi? 9:" Q7 _JX h?2
PT2`iBM; avbi2K UPaV Bb M/`QB/ 8 GQHHBTQTX
Figure 5.2: Chest support for smartphone.
b MiB+BTi2/ BM i?2 T`2pBQmb +?Ti2`b- i?2 b2MbQ`b Q7 BMi2`2bi 7Q` i?Bb rQ`F
`2 i?2 ++2H2`QK2i2` M/ i?2 ;v`Qb+QT2- b r2HH b i?2 +K2`X
++2H2`QK2i2`b rBHH K2bm`2 i?2 /B`2+iBQMH KQp2K2Mi Q7  /2pB+2 #mi rBHH MQi #2
#H2 iQ `2bQHp2 Bib Hi2`H Q`B2MiiBQMX AM 7+i i?2 ++2H2`QK2i2` i`+Fb ++2H2`iBQM
Um/s2V Q` b2Mb2b /2pB+2 pB#`iBQM K2bm`BM; HBM2` KQp2K2Mi ++2H2`iBQMX
h?2 ;v`Qb+QT2- QM i?2 Qi?2` ?M/- Bb mb2/ iQ i`+F /2pB+2Ƕb `QiiBQM K2bm`BM;
i?2 M;mH` `QiiBQMH p2HQ+Biv U◦/sVX h?Bb BM7Q`KiBQM Bb i?2M +QKTH2K2Mi`v iQ
i?2 QM2 bmTTHB2/ #v i?2 ++2H2`QK2i2`X
h?2 `272`2M+2 pB/2Q Bb `2+Q`/2/ rBi?  7`K2 `i2 Q7 30 7Tb rBi? M >Xke9
+QKT`2bbBQM M/  `2bQHmiBQM Q7 720× 576 TBt2HbX
.i +QHH2+iBQM M/ pB/2Q `2+Q`/BM; `2 T2`7Q`K2/ mbBM; M / ?Q+ /2p2HQT2/-
M/`QB/ TTHB+iBQM- +HH2/ +iBpBiv GQ;;2` oB/2QX :Bp2M #bB+ BM7Q`KiBQM #Qmi
i?2 mb2`- i?2 TTHB+iBQM +QHH2+ib /i 7`QK i?2 #mBHi@BM b2MbQ`b- `2+Q`/b  `272`2M+2
pB/2Q 7`QK i?2 `2`@7+BM; +K2` M/ bp2b HH i?2 +[mB`2/ /i BM i?2 MQM@
pQHiBH2 K2KQ`vX h?Bb TTHB+iBQM Bb M 2ti2MbBQM Q7 i?2 +iBpBiv GQ;;2` M/`QB/
TTHB+iBQM /2p2HQT2/ BM (3y)X
9j
h?2 ?QK2 b+`22M Q7 i?2 TTHB+iBQM Bb b?QrM BM 6B;m`2 8XjX >2`2 r2 +M b22 i?2
K2Mmb r?2`2 i?2 M2+2bb`v +[mBbBiBQM T`K2i2`b +M #2 b2i mTX AM T`iB+mH`-
i?2 }MH mb2` Bb QMHv bF2/ iQ bT2+B7v i?2 MK2 M/ i?2 ivT2 Q7 +iBpBiv HQM; rBi?
i?2 /2Hv #2ir22M T`2bbBM; i?2 ǳah_hǴ #miiQM M/ BMBiBHBxBM; i?2 `2+Q`/BM;-
M/ i?2 /m`iBQM Q7 i?2 `2+Q`/BM; Bib2H7X
Figure 5.3: Example of recording application home screen.
MQKHQmb ;Bi +v+H2b `2 +QHH2+i2/ #v KQ/B7vBM; i?2 rHFBM; bivH2 BM b2p2`H
rvbX 1tKTH2b Q7 i?2b2 KQ/B}+iBQMb `2, 2t+2bbBp2 bi`B/2 H2M;i?- 2t+2bbBp2
+?2bi iQ`bBQM- 2t+2bbBp2 FM22 HB7iBM;- bmbbmHiQ`v +?2bi KQp2K2Mi- M/ HBKTbX
5.2 Data preprocessing
7i2` /i +QHH2+iBQM- i?2 }`bi bi2T Q7 /i T`2T`Q+2bbBM; +QMbBbib BM i?2 2ti`+iBQM
Q7 i?2 `QHH- TBi+?- M/ vr bB;MHb 7`QK i?2 `272`2M+2 pB/2QX h?Bb T`Q+2/m`2
Bb T2`7Q`K2/ b /2iBH2/ BM *?Ti2` jX h?2 bB;MHb 2ti`+i2/ +Q``2bTQM/ iQ i?2
i2KTQ`H 2pQHmiBQM Q7 i?2 bK`iT?QM2 M;mH` Q`B2MiiBQMb BM  i?`22@/BK2MbBQMH
bT+2X
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am++2bbBp2 bi2Tb `2 BMi2`TQHiBQM- }Hi2`BM;- +v+H2b 2ti`+iBQM- bB;MHb /2@i`2M/BM;-
M/ 72im`2b MQ`KHBxiBQMX
Interpolation
b H`2/v /Bb+mbb2/ BM *?Ti2` j- i?2 bKTHBM; `i2 Q7 i?2 bK`iT?QM2 Bb MQi
+QMbiMi /m`BM; i?2 +[mBbBiBQMX h?Bb H2/b iQ MQM@+QMbiMi BMi2`@bKTH2 bT+BM;X
M BMi2`TQHiBQM T`Q+2/m`2 Bb i?2M M22/2/X h?2 bQHmiBQM 7Q` i?Bb T`Q#H2K Bb 
bTHBM2 BMi2`TQHiBQM M/  `2bKTHBM; QT2`iBQM r?B+? 2Mbm`2b  bKTHBM; `i2 Q7
fs = 200 >x M/  }t2/ iBK2 BMi2`pH #2ir22M bKTH2bX
AM 6B;m`2 8X9 Bb b?QrM i?2 /Bbi`B#miBQM Q7 i?2 bKTHBM; 7`2[m2M+v 7Q` i?2 bK`i@
T?QM2 miBHBx2/ /m`BM; Qm` i2bib- QM i?2 H27i- M/  +QKT`BbQM KQ/2H- QM i?2 `B;?iX
q2 +M b22 i?i i?2 bmb `2bmHib ?p2  ;`2i2` p`BM+2 BM i?2 bKTHBM; `i2X
Figure 5.4: Comparison of the sampling frequency distribution of the smartphone employed in the data
acquisition (Asus Zenfone 2) and another smartphone (LGNexus 5X).
Filtering
AM 6B;m`2 8X8 i?2 Sa. Q7 i?2 i?`22@tBH /i Q7 i?2 ++2H2`QK2i2` b2MbQ` Bb b?QrMX
Ai +M #2 b22M i?i KQbi Q7 i?2 BM7Q`KiBQM Bb HQ+i2/ i HQr 7`2[m2M+B2b M/ Dmbi
 p2`v bKHH KQmMi Q7 TQr2` +?`+i2`Bx2b 7`2[m2M+v #Qp2 40 >xX h?2 Sa. Bb
+QKTmi2/ i?`Qm;? i?2 q2H+?Ƕb K2i?Q/ (8N)- +QMbB/2`BM;  7mHH rHFBM; i`+2 M/
b2iiBM; i?2 >MMBM; rBM/Qr H2M;i? iQ R b- rBi? ?H7 rBM/Qr Qp2`HT b BM (k)X
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Figure 5.5: Power spectral density of the three-axial aceelerometer data.
"b2/ QM T`2pBQmb +QMbB/2`iBQMb- 2+? bB;MH Bb }Hi2`2/ rBi?  "mii2`rQ`i? HQr
Tbb }Hi2` Q7 Q`/2` 10 M/ +miQz pHm2 fc = 40 >xX h?Bb QT2`iBQM bKQQi?b i?2
bB;MHb M/ `2KQp2b ?B;?@7`2[m2M+v KQiBQM `iB7+ibX
Figure 5.6: Frequency response of the Butterworth ﬁlter in blue, cutoff frequency in green.
9e
h?Bb QT2`iBQM Bb TTHB2/ iQ HH i?2 pBH#H2 bB;MHbX h?2 7`2[m2M+v `2bTQMb2 Q7
i?2 }Hi2` Bb T`2b2Mi2/ BM 6B;m`2 8Xe- r?BH2 BM 6B;m`2 8Xd i?2 +QKT`BbQM #2ir22M
i?2 vr `r bB;MH M/ Bib }Hi2`2/ p2`bBQM Bb b?QrMX
samples
Figure 5.7: Comparison between raw signal and its ﬁltered version.
The considered signal is the yaw angle evolution.
Cycles extraction
b T`2b2Mi2/ BM *?Ti2` j- i?2 /2i2`KBMiBQM Q7 ;Bi +v+H2b Bb T2`7Q`K2/ 2tTHQBiBM;
i?2 *qh i`Mb7Q`KiBQMX AM T`iB+mH`- A* M/ 6* 2p2Mib `2 2ti`+i2/ b HQ+H
KBMBK M/ HQ+H KtBK Q7 i?2 }`bi M/ b2+QM/ Q`/2` /2`BpiBQM Q7 i?2 *qh
i`Mb7Q`K Q7 i?2 v@tBb bB;MH Q7 i?2 ++2H2`QK2i2`X h?2 `2bmHi Q7 i?2 T`Q+2/m`2 Bb
b?QrM BM 6B;m`2 8X3- r?2`2 i?2 +B`+H2b `2T`2b2Mi i?2 A* BMbiMib r?BH2 i?2 i`BM;H2b
`2 i?2 6* BMbiMibX JQ`2Qp2`- i?2 bQHB/ HBM2 `2T`2b2Mib i?2 bB;MH ay QM r?B+? i?2
MHvbBb Bb #b2/X AMbi2/- i?2 /b?2/ HBM2b `2T`2b2Mi i?2 *qh i`Mb7Q`KiBQMbX
9d

















Figure 5.8: Example of IC (circles) and FC (triangles) detection.
7i2` i?2 A*b M/ 6*b iBK2 BMbiMib ?p2 #22M BM/BpB/mi2/- i?2 H27i M/ `B;?i
bi2Tb +M #2 B/2MiB}2/ #v HQQFBM; i i?2 bB;M Q7 i?2 bB;MH Q#iBM2/ #v }Hi2`BM;
i?2 v@tBb Q7 i?2 ;v`Qb+QT2 bB;MH gyX











2Hz-filtered + detrended input
ICleft
ICright
Figure 5.9: Example of estimation on left or right step.
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h?2 }Hi2`BM; Bb +QKTmi2/ +QMbB/2`BM;  HQr@Tbb 9i?@Q`/2` "mii2`rQ`i? }Hi2`
rBi? +miQz 7`2[m2M+v fc = 2 >xX b /2KQMbi`i2/ BM (k- ey) i?Bb +?QB+2 Q7 T`K@
2i2`b H2/b iQ ;QQ/ 2biBKiBQM `2bmHibX
7i2` i?Bb T`Q+2bbBM; T?b2- ;Bi +v+H2b BMbiMib +M #2 2bBHv B/2MiB}2/X AM
7+i-  ;2M2`B+ rHFBM; +v+H2 i bi`ib i IC(i) M/ 2M/b i IC(i + 2)X JQ`2Qp2`-
BM Q`/2` iQ pQB/ TQbbB#H2 2``Q`b M/ i`MbB2Mi T?2MQK2M- i i?2 #2;BMMBM; M/
i i?2 2M/ Q7 2+? +[mBbBiBQM- i?2 }`bi M/ Hbi 5 +v+H2b `2 2t+Hm/2/ 7`QK i?2
+QKTmiiBQMX

















Figure 5.10: Example of initial signal transient.
AM 6B;m`2 8XRy r2 T`2b2Mi M 2tKTH2 Q7 i?2 i`MbB2Mi r2 rMi iQ /Bb+`/X AM
i?Bb `2;BQM i?2 A* M/ 6* B/2MiB}+iBQM `2 Q7i2M 2``QM2QmbX h?Bb T`iB+mH`
7`;K2Mi Bb 2ti`TQHi2/ 7`QK i?2 }`bi +[mBbBiBQM- ?Qr2p2`- 2p2`v +[mBbBiBQM
b?Qrb bBKBH` #2?pBQ`- i?2`27Q`2 i?Bb TT`Q+? Bb +?Qb2M b `mH2 iQ 2HBKBMi2
BMBiBH +v+H2bX
PM+2 i?2 A* BMbiMib `2 FMQrM Bi Bb TQbbB#H2 iQ /2i2`KBM2 i?2 +v+H2 p2+iQ`b BM
2p2`v bB;MHX
Pi?2` mb27mH T`K2i2`b HBF2 biM+2- brBM; iBK2- bi2T H2M;i? M/ bi2T p2HQ+Biv
+M #2 2ti`+i2/ 7`QK i?2 A* M/ 6* 2p2Mib M/ 7`QK i?2 ++2H2`QK2i2` /i
9N
`2Hi2/ iQ 2p2`v rHFBM; +v+H2bX h?2 /2iBH2/ 2ti`+iBQM- r?B+? Bb Qmi Q7 i?2
b+QT2 Q7 i?Bb rQ`F- Bb 7mHHv T`2b2Mi2/ BM (k)X
1+? 2ti`+i2/ ;Bi +v+H2 ?b  /Bz2`2Mi /m`iBQM- r?B+? /2T2M/b QM i?2 rHF@
BM; bT22/ M/ i?2 bi`B/2 H2M;i?X "2+mb2 Q7 i?i- i?2 ++2H2`QK2i2` /i M/
i?2 bB;MHb 2ti`+i2/ 7`QK i?2 pB/2Q- ?p2 p`B#H2 bBx2b M/- ?2M+2- 7m`i?2` /@
DmbiK2Mi Bb M2+2bb`vX h?Bb Bb /QM2 mbBM;  bTHBM2 BMi2`TQHiBQM iQ `2T`2b2Mi HH
i?2 rHFBM; +v+H2b i?`Qm;? p2+iQ`b Q7 N = 200 bKTH2b 2+?X h?Bb pHm2 Q7 N
Bb b2H2+i2/ BM Q`/2` iQ pQB/ HBbBM;X AM 7+i- bbmKBM;  KtBKmK /m`iBQM Q7
τ = 2 b2+QM/b- M/  bB;MH #M/rB/i? Q7 B = 40 >x- +QMb2[m2M+2 Q7 i?2 }Hi2`2/
T`2pBQmbHv T2`7Q`K2/-  MmK#2` Q7 bKTH2b N > 2Bτ = 160 bKTH2bf+v+H2 Bb
`2[mB`2/X
De-trending
aB;MHb 2ti`+i2/ 7`QK i?2 `272`2M+2 pB/2Q b?Qrb i?2 T`2b2M+2 Q7 /Bz2`2Mi i`2M/b
QM 2+? tBbX 6B;m`2 8XRR `2T`2b2Mib M 2ti`+i U p2`v bKHH bm#b2i Q7 i?2 /iV
Q7 i?2 bB;MHb- b?QrBM; b2p2`H /Bz2`2Mi HQ+H i`2M/bX AM 6B;m`2 8XRR- 2+? p2`iB+H
HBM2 b2T`i2b /i +[mB`2/ BM /Bz2`2Mi b2bbBQMbX
samples
Figure 5.11: Example of trends in data extracted from video.
Green vertical lines separates different acquisition sessions.
h?2 T`2b2M+2 Q7 i?2b2 i`2M/b Kv +mb2 BM2{+B2M+v BM ;`bTBM; i?2 mM/2`M2i?
?B//2M BM7Q`KiBQM QM+2 i?2 /ib2i Bb 72/ BMiQ i?2 K+?BM2 H2`MBM; H;Q`Bi?KbX
8y
AM 7+i- #27Q`2 722/BM; /i iQ i?2 H;Q`Bi?Kb- Bi Bb ;QQ/ T`+iB+2 iQ MQ`KHBx2
Bi- b 2tTHBM2/ BM i?2 M2ti T`;`T?X h?2 T`2b2M+2 Q7 i?2 i`2M/ KB;?i KbF
i?2 i`m2 BM7Q`KiBQM i?2 H;Q`Bi?Kb b22F iQ H2`MX AM i?Bb bT2+B}+ +b2- Bi Bb i?2M
M2+2bb`v iQ `2KQp2 i?2 i`2M/ iQ mM+Qp2` `2H2pMi BM7Q`KiBQM BM i?2 b2`B2bX
6Q` `2KQpBM; i?2 i`2M/ M/ Q#iBMBM;  biiBQM`v b2`B2b- b2p2`H i2+?MB[m2b +M
#2 mb2/X h?2 QM2 mb2/ BM i?Bb rQ`F Bb i?2 Ǵ.2i`2M/ #v JQ/2H 6BiiBM;ǴX hQ QT2`i2
i?Bb K2i?Q/  7m`i?2` bBKTHB}+iBQM bbmKTiBQM Kmbi #2 K/2- i?2 i`2M/ i?i
z2+ib  ;Bi +v+H2 Bb +QMbB/2`2/ iQ #2 HBM2`X h?2`27Q`2- i?2 i`2M/ z2+iBM; 2+?
+v+H2 Bb TT`QtBKi2/ #v  HBM2` KQ/2HX h?Bb bbmKTiBQM HHQrb mb iQ `2KQp2
i?2 ;HQ#H i`2M/ rBi?Qmi BMi2`72`BM; rBi? i?2 +v+H2Ƕb BMM2` i`2M/X 7i2` i?2 KQ/2H
Bb }ii2/- i?2 /2@i`2M/BM; Bb +QKTmi2/ Dmbi #v bm#i`+iBM; i?2 KQ/2H 7`QK i?2
/ib2iX
h?2 `2bmHi b?Qrb i?2 ;QQ/ T2`7Q`KM+2b Q7 i?2 T`Q+2/m`2X AM 7+i- BM 6B;m`2
8XRk Bi +M #2 b22M i?i i?2 i`2M/b ?p2 #22M `2KQp2/ rBi? ;QQ/ TT`QtBKiBQMX
Figure 5.12: Example of video detrended data. Green vertical lines separates different acquisition sessions.
A7 r2 +QMbB/2` i?2 }`bi +[mBbBiBQM b2bbBQM- r2 +M b22 BM 6B;m`2 8XRj i?2 BK@
T`Qp2K2Mib +?B2p2/ i?MFb iQ i?2 i`2M/ `2KQpHX
8R
samples samples
Figure 5.13: First acquisition sessione, on the left the trend is present, on the right it is removed. Vertical lined
separates different gait cycles.
6B;m`2 8XRk /Q2b MQi b?Qr i?2 mM/2`HvBM; i`2M/ r2 b22F iQ `2p2HX >Qr2p2`-
B7 r2 MQ`KHBx2 i?2 /i b2i 7i2` i?2 i`2M/BM; `2KQpH r2 Q#iBM  +H2` pB@
bmHBxiBQM Q7 i?2 BMi2`@+v+H2b i`2M/- b b?QrM BM 6B;m`2 8XR9X h?2 +QKT`BbQM
rBi? T`2pBQmb 6B;m`2b ;Bp2b  bQHB/ mM/2`biM/BM; Q7 ?Qr Km+? i?2 i`m2 `2H2pMi
BM7Q`KiBQM rb +Qp2`2/ #v i?2 i`2M/bX
samples
Figure 5.14: Example of underlying data trend, visible after detrending and normalization are performed.
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Normalization
AM i?Bb rQ`F- irQ MQ`KHBxiBQM i2+?MB[m2b ?p2 #22M 2KTHQv2/X h?2 }`bi i2+?@
MB[m2 Bb  biM/`/ MQ`KHBxiBQM- r?B+? Bb T2`7Q`K2/ #v `2KQpBM; i?2 K2M M/
#v /BpB/BM; i?2 /i #v Bib biM/`/ /2pBiBQMX h?Bb MQ`KHBxiBQM Bb TTHB2/ iQ
2+? 72im`2 Q7 i?2 /i mb2/ 7Q` i?2 `2;`2bbBQM ibFX  /Bz2`2Mi TT`Q+? ?b
#22M /QTi2/ 7Q` T`2T`Q+2bbBM; i?2 /i mb2/ BM i?2 +HbbB}+iBQM KQ/mH2X AM
T`iB+mH`- i?2 /i 72/ iQ i?2 +HbbB}+iBQM H;Q`Bi?Kb `2 `2b+H2/ BM i?2 [0, 1]
`M;2X S`+iB+HHv- i?2b2 QT2`iBQMb `2 T2`7Q`K2/ 2tTHQBiBM; i?2 TQr2`7mH SA,
b+BFBi@H2`M (3R)X
Dataset division
h?2 /ib2i Bb /BpB/2/ BMiQ irQ KBM T`ibX h?2 }`bi QM2 Bb /2/B+i2/ iQ i?2
i`BMBM;- pHB/iBQM- M/ i2biBM; Q7 i?2 `2;`2bbBQM H;Q`Bi?KbX h?Bb TQ`iBQM Q7
i?2 /ib2i Bb +QKTQb2/ Q7  H`;2 MmK#2` Q7 biM/`/ ;Bi +v+H2b- T`2+Bb2Hv i?Bb
T`i Bb +QKTQb2/ Q7 78 /Bz2`2Mi +[mBbBiBQMb mb2/ 7Q` i`BMBM; M/ pHB/iBQM- 7Q`
 iQiH Q7 4388 +v+H2b- M/ 10 +[mBbBiBQMb mb2/ 7Q` i2biBM;- r?B+? KQmMi 7Q`
578 iQiH +v+H2bX h?2 /BpBbBQM Q7 i?2 bKTH2b #2ir22M i`BMBM; M/ pHB/iBQM
/i Bb T2`7Q`K2/ #v `M/QKHv b2H2+iBM; i?2 +[mBbBiBQMb rBi?  (75%/25%) bTHBiX
h?2 b2+QM/ T`i Q7 i?2 /ib2i- BMbi2/- Bb `2b2`p2/ 7Q` i?2 i`BMBM;- pHB/iBQM-
M/ i2biBM; Q7 i?2 +HbbB}+iBQM H;Q`Bi?KbX h?Bb Hii2` TQ`iBQM Q7 i?2 /ib2i Bb
+QKTQb2/ #Qi? Q7 biM/`/ M/ MQKHQmb +v+H2bX h?2 MmK#2` Q7 +[mBbBiBQMb
Bb 53 7Q` biM/`/ /i M/ 61 7Q` MQKHQmb /i- r?B+? +QMiBM `2bT2+iBp2Hv
2975 M/ 2744 +v+H2bX h?2`27Q`2 i?2 irQ +Hbb2b `2 HKQbi #HM+2/ U50%/50%VX
h?2 bTHBi #2ir22M i`BM M/ i2bi Bb ;BM b2i iQ (75%/25%)X >Qr2p2`- i?2 bTHBi Bb
2t2+mi2/ /B`2+iHv QM i?2 +v+H2 /2b+`BTiQ`b M/ MQi QM i?2 +[mBbBiBQMbX  F@7QH/
+`Qbb@pHB/iBQM TT`Q+? Bb 2KTHQv2/ iQ /2i2`KBM2 i?2 #2bi b2i Q7 T`K2i2`b 7Q`
2+? +HbbB}2`X .m`BM; i?Bb T?b2- i?2 i`BMBM; /i Bb i?2M mb2/ #Qi? 7Q` i`BMBM;
M/ pHB/iBQMX
5.3 Regression
PM+2 i?2 +QHH2+i2/ /i ?b #22M T`2T`Q+2bb2/- Bi Bb TQbbB#H2 iQ i`BM M _LL iQ
H2`M iQ T`2/B+i i?2 i2KTQ`H 2pQHmiBQM Q7 2+? bB;MHX
8j
RNNArchitecture: a2p2`H `+?Bi2+im`2b ?p2 #22M i2bi2/ 7Q` i?Bb ibF p`vBM; i?2
MmK#2` Q7 Hv2`b M/ i?2B` bBx2- r?B+? Bb `2T`2b2Mi2/ #v i?2 MmK#2` Q7 M2m`QMbX
JQ`2Qp2`- HH i?2 MQi#H2 ?vT2`@T`K2i2`b ?p2 #22M imM2/ M/ rBHH #2 T`2b2Mi2/
7i2`r`/X h?2 }MH `+?Bi2+im`2 Bb +QKTQb2/ Q7 7Qm` Hv2`b- QM2 BMTmi Hv2`- irQ
`2+m``2Mi Hv2`b M/ QM2 QmiTmi Hv2`X _2+m``2Mi Hv2`b `2 +QKTQb2/ 2+? Q7
9yy :_l M2m`QMb r?B+?- b T`2b2Mi2/ BM i?2 T`2pBQmb +?Ti2`- `2 r2HH bmBi2/ 7Q`
KQ/2HBM; i?2 i2KTQ`H 2pQHmiBQM Q7 iBK2 b2`B2b bm+? b i?2 bB;MHb i ?M/X qBi?
i?Bb +QM};m`iBQM- i?2 M2irQ`F Bb /2b+`B#2/ #v 1, 489, 209 T`K2i2`b r?B+? `2
i?2 iQiH r2B;?ib M/ #Bb2b Q7 HH i?2 M2m`QMbX
h?2 BKTH2K2MiiBQM Q7 i?Bb M2irQ`F Bb T2`7Q`K2/ 2tTHQBiBM; i?2 E2`b SA (3k)
r?B+? Bb  ?B;?@H2p2H M2m`H M2irQ`Fb SA +iBM; b  i2MbQ`~Qr 7`QMi2M/ (3j)X
h2MbQ`6HQr Bb M QT2M bQm`+2 bQ7ir`2 HB#``v 7Q` MmK2`B+H +QKTmiiBQM mbBM;
/i ~Qr ;`T?bX 1+? MQ/2 Q7 i?2 ;`T? `2T`2b2Mib M BMbiM+2 Q7  Ki?2KiB+H
QT2`iBQM- M/ 2+? 2/;2 Bb  KmHiB/BK2MbBQMH /i b2i +HH2/ i2MbQ` QM r?B+?
i?2 QT2`iBQMb `2 T2`7Q`K2/X lM/2`biM/BM; i?2b2 +Q`2 +QM+2Tib Q7 h2MbQ`~Qr Bb
7mM/K2MiH HbQ BM i?2 +QMi2ti Q7 ?B;?@H2p2H SA BMpQHp2K2MiX AM 7+i- FMQrBM;
i?2 +Q`2 bi`m+im`2 Q7 i2MbQ`~Qr Bi Bb TQbbB#H2 iQ /Ti i?2 +Q/2 iQ #2bi 2tTHQBi Bib
+QKTmiiBQMH TQr2`X
h2MbQ`~Qr ;Bp2b i?2 mb2`b b2p2`H iQQHb 7Q` /2#m;;BM; M2m`H M2irQ`Fb- QM2
Q7 i?2K Bb h2MbQ`#Q`/X h?Bb iQQH HHQrb iQ pBbmHBx2 i?2 Hv2` bi`m+im`2b M/
/2T2M/2M+B2bX M 2tKTH2 Bb b?QrM BM 6B;m`2 8XR8X q2 +M b22 i?2 7mM/K2MiH
#mBH/BM; #HQ+Fb Q7 i?2 +QKTmiiBQMH ;`T?X  mb27mH b+QT2 Q`;MBxiBQM i2+?MB[m2
?2HTb iQ Q`;MBx2 i?2 pB2r Q7 i?2 Hv2`b- BM T`iB+mH`- 2+? :_l +QKTQM2Mi Kv
#2 2tTHQ/2/ iQ BMp2biB;i2 i?2 BMi2`MH bi`m+im`2X Hi?Qm;? p2`v BMi2`2biBM;- Bi
Kv #2 p2`v +QKTHB+i2/ 7Q` MQM@2tT2`i mb2`b- r?B+? #`BM;b mb #+F iQ i?2 E2`b
SA i?i ?2HTb mb +`2iBM; Hv2`b Q7 #bi`+iBQM QM iQT Q7 i?2 +QKTmiiBQMH
;`T?X 6BMHHv- h2MbQ`~Qr MiBp2Hv bmTTQ`ib +QKTmiiBQM QM :Sl /2pB+2b- r?B+?
Bb 7mM/K2MiH 7Q` L2m`H L2irQ`Fb i`BMBM;X
Training a2p2`H Qi?2` T`K2i2`b Kmbi #2 b2i mT #27Q`2 i?2 i`BMBM; T?b2 +M
iF2 TH+2X PM2 Q7 i?2b2 ?vT2`@T`K2i2`b Bb i?2 BMBiBHBxiBQM Q7 i?2 r2B;?ib
M/ #Bb2b Q7 2+? M2m`QMX 6Q` i?Bb Tm`TQb2- irQ /Bz2`2Mi K2i?Q/b `2 mb2/X
"Bb2b `2 BMBiBHBx2/ rBi? +QMbiMi pHm2b 2[mH iQ b = 1- r?BH2 r2B;?ib `2
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Figure 5.15: Neural networks structure shown using the tensorboard tool.
BMBiBHBx2/ #v `M/QKHv /`rBM; bKTH2b 7`QK  i`mM+i2/ MQ`KH /Bbi`B#miBQMX




r?2`2 n Bb i?2 p2`;2 Q7 i?2 MmK#2`b Q7 BMTmi M/ QmiTmi mMBibX h?Bb +?QB+2 Bb
K/2 iQ KBMiBM p`BM+2 Q7 +iBpiBQMb i?`Qm;?Qmi i?2 M2irQ`FX h?Bb `2~2+ib
QM  7bi2` +QMp2`;2M+2 Q7 i?2 r2B;?ib iQ i?2 QTiBKH pHm2 i?i KBMBKBx2b i?2
HQbb 7mM+iBQM (39)X
h?2 QTiBKBx2` BMpQHp2/ BM i`BMBM; T`Q+2/m`2 Bb i?2 L/K (38)- r?B+? ?b
/2KQMbi`i2/ iQ Qz2` i?2 #2bi T2`7Q`KM+2X
h?2 +iBpiBQM 7mM+iBQMb ?p2 #22M +?Qb2M iQ #2 i?2 ?vT2`#QHB+ iM;2Mi BM i?2
?B//2M Hv2`b M/ HBM2` BM i?2 QmiTmi QM2X h?2 M2irQ`F ?b HbQ #22M i2bi2/ rBi?
_1Gl +iBpiBQM 7mM+iBQM- b?QrBM;  `2/m+2/ T2`7Q`KM+2 BM +QKT`BbQM rBi?
iM?X 6BMHHv- i?2 Hbi T`K2i2`b iQ #2 b2i `2 i?2 #i+? bBx2 M/ i?2 MmK#2`
Q7 i`BMBM; 2TQ+?b- r?B+? ?p2 #22M +?Qb2M iQ #2 `2bT2+iBp2Hv batchnsize = 100
bKTH2b M/ epochs = 10X i i?Bb TQBMi- /i 7`QK 2+? ;Bi +v+H2 Bb b2;K2Mi2/
7QHHQrBM; M Qp2`HTTBM; rBM/Qr i2+?MB[m2X h?2 BMTmi rBM/Qr bBx2 Bb b2i iQ #2
2[mH iQ 10 bKTH2b 7Q` 2+? 72im`2fbB;MHb- 2+? BMTmi iQ i?2 M2m`H M2irQ`F Bb
i?2M  Ki`Bt Q7 (10 × 9) pHm2bX h?2 M2m`H M2irQ`F Bb i?2M i`BM2/ iQ T`2/B+i
88
i?2 M2ti bKTH2 Q7 2+? bB;MH- QmiTmiiBM;  Ki`Bt (1× 9)X
.m`BM; i?2 i`BMBM; T?b2- i?2 Ja1 Bb 2pHmi2/ i i?2 2M/ Q7 2+? 2TQ+?X
h?2 `2bmHi Bb T`2b2Mi2/ BM 6B;m`2 8XReX h?2 MmK#2` Q7 ;Bi +v+H2b BMpQHp2/ BM i?2
i`BMBM; T?b2 `2 N1 = 3301 r?BH2 i?2 QM2b H27i Qmi 7Q` pHB/iBQM `2 N2 = 1087X
*QMbB/2`BM; i?2 bHB/BM; rBM/Qr T`Q+2/m`2- i?2 MmK#2` Q7 bKTH2b pBH#H2 7Q`
i`BMBM; `2 s1 = 659620 M/ 7Q` pHB/iBQM s2 = 217200X
Figure 5.16: Evolution of theMSE score throughout several training epochs.
Comparison: h?2 pHm2 Q7 i?2 Ja1 Bib2H7 Bb MQi M #bQHmi2 K2bm`2 Q7 [mHBivX
hQ #2ii2` bb2bb i?2 T`2/B+iBQM +T+BiB2b Q7 i?2 L2m`H L2irQ`F M //BiBQMH
`2;`2bbQ` Bb i`BM2/- M G_ KQ/2HX h?2 *Q2{+B2Mi Q7 .2i2`KBMiBQM U*Q.V (R2)
b+Q`2 7Q` i?Bb `2;`2bbQ` Bb 2[mH iQ QM2- r?B+? Bb i?2 KtBKmK +?B2p#H2X Ai
T`QpB/2b  K2bm`2 Q7 ?Qr r2HH Q#b2`p2/ Qmi+QK2b `2 `2THB+i2/ #v i?2 KQ/2H-
#b2/ QM i?2 T`QTQ`iBQM Q7 i?2 iQiH p`BiBQM Q7 i?2 Qmi+QK2b 2tTHBM2/ #v i?2
KQ/2HX h?2 irQ KQ/2Hb `2 mb2/ iQ T2`7Q`K T`2/B+iBQMb QM  +2`iBM MmK#2` Q7
+v+H2b- M/ i?2 `2bT2+iBp2 Ja1 `2 +QKT`2/X h?2 T2`7Q`KM+2 `2 +QKT`2/ QM
i?2 i?`22 T`ib Q7 i?2 /ib2iX AM h#H2 8XR r2 bmKK`Bx2 i?2 T2`7Q`KM+2b Q7




G_ yXyyydj yXyyy89 yXyyye8
_LL yXyyR3 yXyyRjj yXyyRRe
Table 5.1: Comparison for mean square of prediction error for different regressors.
h?Bb }`bi `2bmHi KB;?i bm;;2bi i?i i?2 M2m`H M2irQ`F /Q2b MQi BMi`Q/m+2
BKT`Qp2K2Mib mTQM bBKTH2` TT`Q+?2bX h?Bb BMimBiBQM rBHH #2 +QMi`/B+i2/ #v
i?2 MmK2`B+H 2pHmiBQMb T`2b2Mi2/ BM *?Ti2` eX
AM 6B;m`2b 8XRd M/ 8XR3  pBbmH +QKT`BbQM Q7 i?2 irQ `2;`2bbQ`b T2`7Q`KM+2
`2 b?QrMX h?2 +QMbB/2`2/ bB;MHb `2 `2bT2+iBp2Hv t@tBb M/ x@tBb Q7 i?2 +@
+2H2`QK2i2` /2pB+2X Ai +M #2 b22M i?i #Qi? i?2 i2+?MB[m2b +?B2p2 2t+2HH2Mi
T2`7Q`KM+2 rBi? Dmbi KBMQ` /Bz2`2M+2b- r?B+? `2 TT`QT`Bi2Hv ?B;?HB;?i2/X
Samples
Figure 5.17: Comparison of regressors performance on two cycles of x-axis of the accelerometer signal.
8d
Samples
Figure 5.18: Comparison of regressors performance on two cycles of z-axis of the accelerometer signal.
5.4 Prediction error statistics extraction
AM i?Bb KQ/mH2 Q7 i?2 7`K2rQ`F- i?2 b2+QM/ T`i Q7 i?2 /ib2i Bb +QMbB/2`2/X b
BM i?2 T`2pBQmb bi2T- 2+? ;Bi +v+H2b Bb 7m`i?2` b2;K2Mi2/ mbBM; i?2 bHB/BM; rBM/Qr
i2+?MB[m2- M/ 2+? Q#iBM2/ bKTH2 Bb 72/ iQ HH i?2 `2;`2bbBQM H;Q`Bi?KbX
1+? +v+H2 Bb i?2M `2+QMbi`m+i2/ mbBM; i?2 T`2/B+iBQM QmiTmib- M/ i?2 T`2/B+@
iBQM 2``Q` Bb +QKTmi2/ #v bBKTHv bm#i`+iBM; i?2 T`2/B+i2/ bB;MHb sˆi(t) 2pQHmiBQM
rBi? i?2 i`m2 bB;MHb si(t) 2pQHmiBQM, Ei(t) = sˆi(t)− si(t) rBi? i ∈ {1, . . . 9}X
6Q` 2+? +v+H2 M/ 2+? 72im`2- i?2 Ja1 M/ i?2 biM/`/ /2pBiBQM σ Q7 i?2
T`2/B+iBQM 2``Q`b `2 +QKTmi2/- H2/BM; iQ  +v+H2 /2b+`BTiQ` Q7 /BK2MbBQMb (2×9)X
Ai Bb TQbbB#H2 iQ 7m`i?2` BMp2biB;i2 i?2 T`2/B+iBQM 2``Q` #27Q`2 T`Q+22/BM; iQ
T`2b2Mi i?2 +HbbB}+iBQM KQ/mH2X AM 6B;m`2 8XRN Bi Bb T`2b2Mi2/ i?2 +QKT`BbQM
#2ir22M biM/`/ /i M/ MQKHQmb /i `2;`/BM; Ja1 2biBKiBQM 7Q` }`bi
72im`2 Ut@tBb Q7 ++2H2`QK2i2` bB;MHVX q?i Bb b?QrM Bb i?2 ?BbiQ;`K Q7 i?2
2``Q` pHm2b Q7 HH +v+H2bX Ai +M #2 2bBHv b22M i?i T`2/B+iBQM QM MQKHQmb /i




















Figure 5.19: Comparison between the distribution ofMSE estimation
across all cycles. Considered signal is the x-axis of accelerometer.
:`2i2` /Bz2`2M+2b `2 b?QrM 7Q` i?2 biM/`/ /2pBiBQM 2biBKiBQM Q7 i?2 T`2@




















Figure 5.20: Comparison between the distribution of standard deviation on prediction
error across all cycles. Considered signal is the x-axis of accelerometer.




"b2/ QM i?2 +v+H2 /2b+`BTiQ`b +QKTmi2/ i i?2 T`2pBQmb bi2T- BM i?Bb KQ/mH2- b2p@
2`H +HbbB}+iBQM i2+?MB[m2b `2 +QMbB/2`2/ iQ /BbiBM;mBb? #2ir22M biM/`/ M/
MQKHQmb +v+H2b miQKiB+HHvX h?2 H;Q`Bi?Kb BMpQHp2/ `2 i?2 QM2b /2b+`B#2/
BM *?Ti2` 9X
 ;`B/ b2`+? i2+?MB[m2 Bb 2tTHQBi2/ iQ imM2 i?2 ?vT2`@T`K2i2`b Q7 2+? +HbbB@
}+iBQM H;Q`Bi?K- iQ Q#iBM i?2 #2bi b2i Q7 T`K2i2`b M/ KtBKBx2 i?2 +Q``2+i
+HbbB}+iBQM `i2X
6Q` i?Bb T`Q+2/m`2-  72im`2 bT+2- Bb +?Qb2M 7Q` 2+? H;Q`Bi?KX JQ`2Qp2`- 
F@7QH/ +`Qbb@pHB/iBQM b+?2K2 rBi? F = 3 Bb 2KTHQv2/ iQ /2i2`KBM2 r?B+? b2i Q7
T`K2i2`b `2+? i?2 ?B;?2bi pHm2 Q7 i?2 ++m`+v b+Q`2X
Figure 5.21: Visualization of grid search scores for the SVM classiﬁcation algorithms.
AM 6B;m`2 8XkR  pBbmH 2tKTH2 Q7 ;`B/ b2`+? Bb b?QrMX h?2 H;Q`Bi?K BMpQHp2/
Bb i?2 aoJ QM2 M/ i?2 T`K2i2`b BMp2biB;i2/ `2 *- i?2 T2MHiv T`K2i2`-
M/ γ- i?2 F2`M2H +Q2{+B2MiX AM i?Bb };m`2 Bb b?QrM i?2 pHB/iBQM b+Q`2 Q7 2+?
ey
+QK#BMiBQM Q7 i?2 irQ T`K2i2`bX aBKBH` BK;2b +M HbQ #2 Q#iBM2/ 7Q` i?2
Qi?2` H;Q`Bi?KbX
qBi? i?2 BMi2Mi iQ T`Q/m+2  +QKTH2i2 MHvbBb- MQi QMHv i?2 ++m`+v Bb BMp2b@
iB;i2/ #mi HbQ i?2 T`2+BbBQM- `2+HH- M/ i?2B` +QK#BMiBQM F1 b+Q`2 `2 `2TQ`i2/
7Q` +QKTH2i2M2bbX
"27Q`2 T`2b2MiBM; i?2 `2bmHib- r2 `2+HH i?2 /2}MBiBQMb Q7 i?2b2 [mMiBiB2b,
Ç *QM7mbBQM Ki`Bt,  +QM7mbBQM Ki`Bt U*JV Bb  i#H2 mb2/ iQ /2b+`B#2
i?2 T2`7Q`KM+2 Q7  +HbbB}+iBQM KQ/2H QM  b2i Q7 /i 7Q` r?B+? i?2
+Q``2+i H#2Hb `2 FMQrMX 1+? `Qr Q7 i?2 Ki`Bt `2T`2b2Mib i?2 BMbiM+2b
BM  T`2/B+i2/ +Hbb r?BH2 2+? +QHmKM `2T`2b2Mib i?2 BMbiM+2b BM M +imH
+HbbX h?2 MK2 +QK2b 7`QK i?2 7+i i?i Bi KF2b Bi 2bv iQ b22 B7 i?2
bvbi2K Bb +QM7mbBM; irQ +Hbb2bX Ai Bb MQi QMHv mb2/ BM i?2 +b2 Q7 #BM`v
+HbbB}+iBQM r?2`2 Bib BMi2`T`2iiBQM Bb i`BpBH- #mi HbQ BM +b2b Q7 KmHiB@
+Hbb +HbbB}+iBQMX M 2tKTH2 Q7 +QM7mbBQM Ki`Bt 7Q` i?2 +b2 Q7 #BM`v












h`m2 SQbBiBp2 UhSV M/ h`m2 L2;iBp2 UhLV `2T`2b2Mib i?2 MmK#2` Q7 BM@
biM+2b +Q``2+iHv +HbbB}2/X PM i?2 +QMi``v 6Hb2 SQbBiBp2 U6SV M/ 6Hb2
L2;iBp2 U6LV 2tT`2bb i?2 MmK#2` Q7 KBb+HbbB}2/ bKTH2bX h?2 ++m`+v
K2bm`2 Bb i?2M +QKTmi2/ 7`QK i?2 i#H2 b i?2 iQiH MmK#2` Q7 +Q``2+i
+HbbB}2/ +b2b Qp2` i?2 iQiH TQTmHiBQM,
++m`+v = hS+ hLhS+ hL+ 6S+ 6L U8XkV
Ç S`2+BbBQM, i?2 T`2+BbBQM USV Q` SQbBiBp2 T`2/B+iBp2 pHm2 USSoV Bb i?2
T`QTQ`iBQM Q7 i?2 T`2/B+i2/ TQbBiBp2 +b2b i?i r2`2 +Q``2+i-
SSo = hShS+ 6S U8XjV
eR
Ç _2+HH, i?2 `2+HH Q` i`m2 TQbBiBp2 `i2 UhS_V Bb i?2 T`QTQ`iBQM Q7 TQbBiBp2
+b2b i?i r2`2 +Q``2+iHv B/2MiB}2/-
hS_ = hShS+ 6L U8X9V








7i2` i?2 ;`B/ b2`+? Bb +QKTH2i2/- 2+? H;Q`Bi?K Bb i`BM2/ QM i?2 r?QH2
i`BMBM; b2i mbBM; i?2 b2H2+i2/ T`K2i2`bX h?2 T2`7Q`KM+2 Bb i?2M 2pHmi2/ QM





AM i?Bb +?Ti2`- i?2 }MH `2bmHib M/ #2M+?K`Fb `2 T`2b2Mi2/X h?`22 i#H2b
bmKK`Bx2 i?2 +HbbB}+iBQM T2`7Q`KM+2 Q7 2+? H;Q`Bi?KX AM 2+? h#H2- r2
+QKT`2 i?2 T2`7Q`KM+2 Q7  bT2+B}+ +HbbB}2` UMK2Hv- aoJ- _6- M/ s:"V
TTHB2/ iQ i?2 +v+H2 /2b+`BTiQ`b Q#iBM2/ mbBM; i?2 irQ `2;`2bbQ`b /Bb+mbb2/ BM
*?Ti2` 9X h?2 Q#D2+iBp2 Bb iQ /2i2`KBM2 r?2i?2`  bT2+B}+ +v+H2 Bb MQKHQmb Q`
MQi- #b2/ QM i?2 T`2/B+iBQM 2``Q`bX b  `2bmHi Q7 i?2 i`BMBM; Q7 i?2 `2;`2bbQ`b
QM biM/`/ /i- Bi Bb 2tT2+i2/ i?i i?2 T`2/B+iBQM 2``Q`b Q7 MQKHQmb +v+H2b
`2 +?`+i2`Bx2/ #v ;`2i2` pHm2b Q7 Ja1 M/ biM/`/ /2pBiBQM rBi? `2bT2+i
iQ i?Qb2 Q7 biM/`/ +v+H2bX h?Bb- BM im`M- HHQrb iQ +Q``2+iHv B/2MiB7v MQKHQmb
/iX
AM h#H2 eXR i?2 #2M+?K`Fb Q7 i?2 aoJ +HbbB}2` `2 bmKK`Bx2/X h?Bb H;Q@
`Bi?K `2p2Hb iQ #2 i?2 r2F2bi KQM; i?2 /QTi2/ i2+?MB[m2bX Ai +M #2 MQiB+2/
i?i i?2 miBHBxiBQM Q7 i?2 _LL #`Qm;?i +QMbBbi2Mi BKT`Qp2K2MibX AM/22/- r2 Q#@
b2`p2 M BM+`2K2Mi Q7 i?2 ++m`+v b+Q`2 Q7 6.5% rBi? `2bT2+i iQ i?2 G_ i2+?MB[m2X
h?Bb `2bmHi BKTHB2b i?i i?2 miBHBxiBQM Q7 i?2 _LL H2/b iQ 2``Q` biiBbiB+b r?B+?
`2 Km+? KQ`2 b2T`#H2X S`2/B+iBQMb Q#iBM2/ mbBM; i?2 M2m`H M2irQ`F QM i?2





++m`+v yXNkN9 yXNjkk yXNRjj
S`2+BbBQM yXNyjy Ĝ yX3Njj
_2+HH yXNe3d Ĝ yXN99j
_LL
++m`+v yXN3RR yXNdje yXNdNy
S`2+BbBQM yXNdk9 Ĝ yXNeeN
_2+HH yXNNky Ĝ yXNNjk
Table 6.1: Performance comparison of SVM classiﬁer applied to the cycles
descriptors obtained using LR and RNN regression algorithms.
JQ`2Qp2`- Bi Bb rQ`i? MQiBM; i?i BM #Qi? +b2b i?2 ++m`+v b+Q`2 2pHmi2/ QM
i?2 i?`22 T`ib Q7 i?2 /ib2i `2 +Q?2`2Mi- K2MBM; i?i MQ Qp2`}i MQ` mM/2`}i
?p2 Q++m``2/X Ai Bb HbQ TQbbB#H2 iQ BM72` i?i MQ T2`72+i b2T`iBQM ?b #22M
+?B2p2/ #v i?2 H;Q`Bi?K M/  MmK#2` Q7 KBb+HbbB}2/ TQBMib `2 HbQ T`2b2Mi
BM i?2 i`BMBM; b2iX
b K2MiBQM2/ BM *?Ti2` 8-  +`Qbb@pHB/iBQM b+?2K2 Bb mb2/ iQ /2i2`KBM2 i?2
?vT2`@T`K2i2`b i?i QTiBKBx2 i?2 ++m`+v b+Q`2 QM i?2 pHB/iBQM /iX 6Q`
aoJ- i?2 ?vT2`@T`K2i2`b BMpQHp2/ BM i?Bb T?b2 `2 *- i?2 T2MHiv i2`K- M/
i?2 F2`M2H +Q2{+B2Mi γX JQ`2Qp2`- i?2 miBHBx2/ F2`M2H Bb i?2 _"6 QM2- r?B+? rb
T`2b2Mi2/ BM *?Ti2` 9X h?2 T`K2i2`b i?i HHQr Q#iBMBM; i?2 #2bi pHB/iBQM
b+Q`2 `2 `2bT2+iBp2Hv, C = 710 M/ γ = 2.10 7Q` G_- M/ C = 570 M/ γ = 2.45
7Q` _LLX h?2b2 T`K2i2`b ?p2 #22M Q#iBM2/ #v K2Mb Q7 ;`B/ b2`+? /m`BM; i?2
KQ/2H b2H2+iBQM T?b2X Ai Bb rQ`i? K2MiBQMBM; i?i i?2 +`Qbb@pHB/iBQM i2+?MB[m2
rb b2i iQ KtBKBx2 i?2 F1 b+Q`2- BM HH i?2 2tT2`BK2MibX h?Bb K2i?Q/QHQ;v i?2M
b22Fb iQ #HM+2 T`2+BbBQM M/ `2+HHX
hQ MHvx2 i?2 T`2+BbBQM M/ `2+HH K2i`B+b- r2 HbQ `272` iQ i?2 +QM7mbBQM
Ki`B+2b r?B+? `2 /B`2+iHv `2Hi2/ iQ i?2 K2i`B+b b T`2b2Mi2/ BM *?Ti2` 8X
1[miBQM eXR `2TQ`ib i?2 +QM7mbBQM Ki`B+2b Q#iBM2/ #v i?2 aoJ H;Q`Bi?K
QT2`iBM; QM Ja1 ;2M2`i2/ #v i?2 G_ T`2/B+iBQMbX h?2 MQiiBQM `2Hi2/ iQ i?2
+QM7mbBQM Ki`B+2b Bb XY
Z
- r?2`2 X Bb i?2 +HbbB}2`- Y Bb i?2 `2;`2bbQ`- M/ Z Bb
e9













lbBM; i?2 bK2 MQiiBQM b BM 1[miBQM eXR- BM 1[miBQM eXk i?2 T2`7Q`KM+2













h?Bb `2T`2b2MiiBQM Q7 i?2 +HbbB}+iBQM T2`7Q`KM+2 ?2HTb iQ #2ii2` mM/2`biM/
i?2 bB;MB}+Mi BKT`Qp2K2Mi BMi`Q/m+2/ #v i?2 _LL i2+?MB[m2X h?2 BM7Q`KiBQM
+QMiBM2/ BM i?2b2 Ki`B+2b +M #2 BMi2`T`2i2/ b 7QHHQrb,
Ç i?2 }`bi `Qr +QMiBMb i?2 MmK#2` Q7 +Q``2+i +HbbB}2/ MQKHQmb +v+H2b BM
i?2 }`bi +2HH M/ i?2 MmK#2` Q7 KBb+HbbB}2/ MQKHQmb +v+H2b BM i?2 b2+QM/
+2HHc
Ç i?2 b2+QM/ `Qr +QMiBMb i?2 bK2 BM7Q`KiBQM 7Q` i?2 biM/`/ +v+H2b- #mi
i?2 +2HHb `2 brTT2/, i?2 }`bi +2HH +QmMib i?2 KBb+HbbB}2/ bKTH2b M/ i?2
b2+QM/ +2HH +QmMib i?2 +Q``2+iHv +HbbB}2/ QM2bX
"v +QKT`BM; i?2 +QM7mbBQM Ki`B+2b Q#iBM2/ /m`BM; i?2 i2bi T?b2- r2 +M
b22 i?i i?2 MmK#2` Q7 KBb+HbbB}2/ MQKHQmb /i +v+H2b /2+`2b2b 7`QK 83 iQ
25- r?B+? Bb H2bb i?M 1/3X 1p2M #2ii2` T2`7Q`KM+2 Bb +?B2p2/ r?2M +HbbB7vBM;
i?2 biM/`/ ;Bi +v+H2bX AM 7+i- i?2 MmK#2` Q7 i?2 KBb+HbbB}2/ biM/`/ +v+H2b
Bb `2/m+2/ 7`QK 5.6% iQ 0.7%X
*QMbB/2`BM; i?2 _6 H;Q`Bi?K- i?2 `2bmHib `2 `2TQ`i2/ BM h#H2 eXkX .Bz2`2MiHv
7`QK T`2pBQmb `2bmHib- BM i?Bb +b2- i?2 H;Q`Bi?K Bb #H2 iQ T2`72+iHv /Bb+`BKBMi2





++m`+v RXy yXNdRd yXNee9
S`2+BbBQM RXy Ĝ yXNe9N
_2+HH RXy Ĝ yXNdyR
_LL
++m`+v RXy yXN339 yXN3ed
S`2+BbBQM RXy Ĝ yXNNy9
_2+HH RXy Ĝ yXN3jd
Table 6.2: Performance comparison of RF classiﬁer applied to the cycles
descriptors obtained using LR and RNN regression algorithms
.2bTBi2 i?2 2[mH T2`7Q`KM+2 Q7 i?2 i`BMBM; T?b2- /m`BM; pHB/iBQM M/
i2bi i?2 _LL i2+?MB[m2 QmiT2`7Q`Kb i?2 G_ b BM i?2 T`2pBQmb +HbbB}2`X h?2
;T #2ir22M i?2 irQ TT`Q+?2b Bb `2/m+2/- #mi biBHH Bi Bb #Qmi 2% r?B+? Bb [mBi2
M BKT`Qp2K2Mi r?2M /2HBM; rBi? bm+? ?B;? T2`7Q`KM+2X AM 1[miBQMb eXj M/













q2 b22 7`QK i?2b2 Ki`B+2b i?i i?2 _6 H;Q`Bi?K QmiT2`7Q`Kb i?2 `2bmHib Q#@
iBM2/ rBi? i?2 aoJ QM2X h?2 QMHv ?vT2`@T`K2i2` BMpQHp2/ BM i?2 +`Qbb@
pHB/iBQM T?b2 Bb i?2 MmK#2` Q7 i`22b BM i?2 7Q`2biX h?2 b2H2+i2/ #2bi pHm2b `2













Ai Bb rQ`i? Q#b2`pBM; i?i- r?2M mbBM; i?2 _6 H;Q`Bi?Kb i?2 KBb+HbbB}2/
bKTH2b `2 KQ`2 #HM+2/ #2ir22M i?2 irQ +Hbb2b rBi? `2bT2+i iQ i?2 `2bmHib
Q#iBM2/ mbBM; i?2 aoJX
ee
6BMHHv- i?2 T2`7Q`KM+2 Q7 s:"QQbi Bb b?QrM BM h#H2 eXjX h?Bb H;Q`Bi?K




++m`+v RXy yXNd9N yXNdye
S`2+BbBQM RXy Ĝ yXNdR8
_2+HH RXy Ĝ yXNdR8
_LL
++m`+v RXy yXNNyR yXN333
S`2+BbBQM RXy Ĝ yXNNjk
_2+HH RXy Ĝ yXN38R
Table 6.3: Performance comparison of XGB classiﬁer applied to the cycles
descriptors obtained using LR and RNN regression algorithms.
GBF2 i?2 _6- i?2 s:" H;Q`Bi?K Bb +T#H2 Q7 T2`72+iHv +HbbB7vBM; HH i?2 +v+H2b
/m`BM; i?2 i`BMBM; T?b2X .Bz2`2MiHv 7`QK _6- s:" b?Qrb #2ii2` ;2M2`HBxiBQM
+T#BHBiB2b Qz2`BM; BKT`Qp2/ T2`7Q`KM+2 r?2M /2HBM; rBi? T`2pBQmbHv mMb22M













6Q` r?i +QM+2`Mb i?2 s:" H;Q`Bi?K- i?2 ?vT2`@T`K2i2`b BMpQHp2/ BM i?2
+`Qbb@pHB/iBQM `2 i?2 MmK#2` Q7 #QQbi2/ i`22b iQ }i- i?2 KtBKmK i`22 /2Ti?
M/ i?2 #QQbiBM; H2`MBM; `i2X h?2 QTiBKH `2bmHib `2 (90, 6, 0.7) 7Q` G_ M/













qBi? i?2b2 `2bmHib r2 ?p2 /2KQMbi`i2/ i?2 bm++2bb7mH Q7 i?2 T`QTQb2/ T@
T`Q+? M/ i?2 ?B;? ++m`+v T2`7Q`KM+2 Q7 i?2 r?QH2 bvbi2K BM miQKiB+HHv
ed
`2+Q;MBxBM; #2ir22M biM/`/ M/ MQKHQmb /iX JQ`2Qp2` r2 ?p2 p2`B}2/
i?i i?2 miBHBxiBQM Q7 _LL ?2HTb BM #QQbiBM; i?2 }MH b+Q`2X AM 7+i- i?2b2 }M/@
BM;b bmTTQ`i i?2 ?vTQi?2bBb i?i i?2 _LL KQ/2Hb `2 #2bi bmBi2/ r?2M MHvxBM;
`r iBK2@b2`B2 bB;MHb rBi? `2bT2+i iQ #b2HBM2 KQ/2HbX
e3
7
*QM+HmbBQMb M/ 6mim`2 qQ`F
AM i?Bb i?2bBb- r2 ?p2 T`2b2Mi2/  ;Bi MQKHv /2i2+iBQM bvbi2K #b2/ QM BM2`iBH
M/ pB/2Q bB;MHb +[mB`2/ 7`QK  bK`iT?QM2 HQ+i2/ BM M /@?Q+ K/2 +?2bi
bmTTQ`i /m`BM; /Bz2`2Mi rHFBM; b2bbBQMbX AM T`iB+mH`- i?2 T`QTQb2/ K2i?Q/
2tTHQBib `r bB;MHb Q#iBM2/ 7`QK ++2H2`QK2i2` M/ ;v`Qb+QT2 b2MbQ`b iQ;2i?2`
rBi? bB;MHb 2ti`+i2/ 7`QK  `272`2M+2 pB/2Q iQ 2biBKi2 i?2 T`2b2M+2 Q7 MQK@
HB2b BM rHFBM; +v+H2bX 7i2` i?2 T`2T`Q+2bbBM; M/ +v+H2b b2;K2MiiBQM T?b2-
M _LL Bb i`BM2/ iQ H2`M i?2 iBK2 2pQHmiBQM Q7 i?2 bB;MHb rBi?BM 2+? rHFBM;
+v+H2X  rBM/QrBM; T`Q+2/m`2 Bb TTHB2/ 7Q` i`BMBM; M/ T`2/B+iBQMbX S`2/B+i2/
bB;MH pHm2b `2 i?2M +QKT`2/ ;BMbi i`m2 bB;MHb 2pQHmiBQMb- M/ i?2 T`2/B+@
iBQM 2``Q` biiBbiB+b Q7 2+? +v+H2 `2 i?2M 72/ BMiQ +HbbB}+iBQM H;Q`Bi?Kb r?B+?
`2 i`BM2/ iQ `2+Q;MBx2 MQKHB2bX h?2 T`Q+2bb Bb +QKTH2i2Hv miQKi2/ M/ 7`22
7`QK i?2 M22/ Q7 7m`i?2` ?mKM imMBM; bi`iBM; 7`QK i?2 T`2T`Q+2bbBM; T`Q+2/m`2
QM `r /i iQ `2;`2bbBQM M/ +HbbB}+iBQM ibFbX
h?2 T2`7Q`KM+2 Q7 i?2 T`QTQb2/ `2;`2bbBQM M/ +HbbB}+iBQM H;Q`Bi?Kb ?b #22M
BMp2biB;i2/ rBi? b2T`i2/ /ib2ib iQ 2HBKBMi2 Mv TQbbB#H2 /i /2T2M/2M+2X
_2bmHib b?Qr2/ i?i i?2 TTHB+iBQM Q7 _LL Bb #2bi bmBi2/ iQ H2`M i2KTQ`H
2pQHmiBQM K2+?MB+b M/ H2/b iQ #2ii2` T2`7Q`KM+2b `2;`/BM; +HbbB}+iBQMb BM
`2bT2+i iQ KQ`2 bi`B;?i7Q`r`/ `2;`2bbBp2 TT`Q+?2bX h?Bb MHvbBb KB;?i #2
BMpQHp2/ BM 7mim`2 TTHB+iBQMb bm+? b ?QK2@#b2/ ?2Hi? +`2 M/ KQMBiQ` Q7
TiB2Mib rBi? S`FBMbQM Q` Hx?2BK2`- `i?2` i?M /2i2+iBQM Q7 M H+Q?QHB+ bii2
eN
BM bm#D2+ib M/ b2p2`H Qi?2` ibFbX S`i Q7 i?Bb rQ`F Kv HbQ #2 2KTHQv2/ BM
7mim`2 7`K2rQ`F Q7 >_X
6mim`2 rQ`Fb b?QmH/ //`2bb  bvbi2KiB+ M/ +QKTH2i2 MHvbBb Q7 i?2 72im`2b
b2MbBiBpBiv iQ MQBb2 iQ bb2bb B7 Mv 72im`2 KB;?i #2 H27i QmiX S`BM+BTH *QKTQM2Mi
MHvbBb US*V Kv HbQ #2 TTHB2/ iQ //`2bb i?Bb T`Q#H2KX h?2 `2bmHib Kv
?2HT iQ `2/m+2 i?2 +QKTH2tBiv Q7 i?2 bvbi2K bT22/BM; mT i?2 i`BMBM; T`Q+2/m`2
M/ +QKTmiiBQMH iBK2 M22/2/ 7Q` QT2`#BHBivX Pi?2` `2b2`+? KB;?i /Bb+mbb
i?2 TQbbB#BHBiv iQ /2THQv bHB;?iHv T`2@i`BM2/ M2irQ`Fb iQ ++2H2`i2 i?2 i`BMBM;
T?b2 Q7 }MH mb2`bX _2;`/H2bb Q7 i?2 mMB+Biv Q7 2p2`v mb2` rHFBM; Tii2`Mb-
bBKBH`BiB2b `2 BM2pBi#Hv T`2b2MiX h?Bb 7`K2rQ`F +QmH/ i?2M iF2 /pMi;2b Q7
i?2b2 bBKBH`BiB2b iQ 2tTHQBi i`Mb72` H2`MBM; (3e)X
dy
_272`2M+2b
(R) ǳh?2 biiBbiB+b TQ`iH @ MmK#2` Q7 bK`iT?QM2 mb2`b BM i?2 mMBi2/
bii2b 7`QK kyRy iQ kykkXǴ ?iiTb,ffrrrXbiiBbiX+QKfbiiBbiB+bfkyRR3kf
7Q`2+bi@Q7@bK`iT?QM2@mb2`b@BM@i?2@mbfX
(k) X GM`Q- ǳlMbmT2`pBb2/ M/ KmHiB@KQ/H ;Bi MHvbBb i?`Qm;? ;`QrBM;
M2m`H ;b M2irQ`Fb-Ǵ Jbi2` h?2bBb-lMBp2`bBiv Q7 S/Qp- kyRdX
(j) PX .X AM+2H- JX EQb2- M/ *X 1`bQv- ǳ `2pB2r M/ itQMQKv
Q7 +iBpBiv `2+Q;MBiBQM QM KQ#BH2 T?QM2b-Ǵ CQm`MH Q7 "BQLMQa+B2M+2-
pQHX j- MQX k- TTX R98ĜRdR- CmM kyRjX (PMHBM2)X pBH#H2, ?iiTb,
ff/QBXQ`;fRyXRyydfbRkee3@yRj@yy33@j
(9) uX `b2- 6X _2M- M/ sX sB2- ǳlb2` +iBpBiv mM/2`biM/BM; 7`QK KQ#BH2
T?QM2 b2MbQ`b-Ǵ BM S`Q+22/BM;b Q7 i?2 Rki? *J AMi2`MiBQMH *QM72`2M+2
/DmM+i ST2`b QM l#B[mBiQmb *QKTmiBM; @ /DmM+i- b2`X l#B*QKT ǶRy
/DmM+iX L2r uQ`F- Lu- la, *J- kyRy- TTX jNRĜjNkX (PMHBM2)X
pBH#H2, ?iiT,ff/QBX+KXQ`;fRyXRR98fR3e99jRXR3e998k
(8) hX a22H- CX _Bb+?- M/ hX a+?m2`- ǳAKm@#b2/ DQBMi M;H2 K2bm`2K2Mi
7Q` ;Bi MHvbBb-Ǵ a2MbQ`b- pQHX R9- MQX 9- TTX e3NRĜeNyN- kyR9X (PMHBM2)X
pBH#H2, ?iiT,ffrrrXK/TBX+QKfR9k9@3kkyfR9f9fe3NR
(e) X Jm`Q@/2@H >2``M- "X :`+B@wTB`BM- M/ X J2M/2x@wQ``BHH- ǳ:Bi
MHvbBb K2i?Q/b, M Qp2`pB2r Q7 r2`#H2 M/ MQM@r2`#H2 bvbi2Kb- ?B;?@
HB;?iBM; +HBMB+H TTHB+iBQMb-Ǵ J.SA CQm`MH Q7 a2MbQ`b- pQHX R9- MQX k- 62#X
kyR9X
(d) aX *?2M- CX G+?- "X GQ- M/ :X wX uM;- ǳhQr`/ T2`pbBp2 ;Bi MHvbBb
rBi? r2`#H2 b2MbQ`b,  bvbi2KiB+ `2pB2r-Ǵ A111 CQm`MH Q7 "BQK2/B+H
M/ >2Hi? AM7Q`KiB+b- pQHX ky- MQX e- TTX R8kRĜR8jd- LQp kyReX
dR
(3) hX *?m- ǳ `2pB2r Q7 MHviB+H i2+?MB[m2b 7Q` ;Bi /iX T`i k, M2m`H
M2irQ`F M/ rp2H2i K2i?Q/b-Ǵ :Bi  SQbim`2- pQHX Rj- MQX k- TTX Ryk
Ĝ Rky- kyyRX (PMHBM2)X pBH#H2, ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f
`iB+H2fTBBfayNeeejekyyyyyN8j
(N) JX Jm``v- ǳ:Bi b iQiH Tii2`M Q7 KQp2K2Mi-Ǵ K2`B+M CQm`MH Q7
S?vbB+H J2/B+BM2- pQHX 9e- TTX kNyĜ jjj- RNedX
(Ry) JX Jm``v- X "X .`Qm;?i- M/ _X *X EQ`v- ǳqHFBM; Tii2`Mb Q7 MQ`KH
K2M-Ǵ CQm`MH Q7 "QM2 M/ CQBMi am`;2`v- pQHX 9e- RNe9X
(RR) CX S2``v- ǳ>BbiQ`v Q7 i?2 bim/v Q7 HQ+QKQiBQMXǴ (PMHBM2)X pBH#H2,
?iiT,ffrrrX+HBMB+H;BiMHvbBbX+QKf?BbiQ`vfKQ/2`MX?iKH
(Rk) .X oQHT2- .X SpM- JX JQ``Bb- X :mBQiiQ- _X AMb2F- aX 6Q`imM-
:X 6`xxBii- M/ wX ar+?- ǳlM/2`ri2` ;Bi MHvbBb BM T`FBMbQMǶb
/Bb2b2-Ǵ CQm`MH Q7 :Bi M/ SQbim`2- pQHX 8k- TTX 3d Ĝ N9- kyRdX
(PMHBM2)X pBH#H2, ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBf
ayNeeejekRejye933
(Rj) JX >2M`BFb2M- >X GmM/- _X JQ2@LBHbb2M- >X "HB//H- M/ "X .MM2bFBQ/@
aKbǠ2- ǳh2biĜ`2i2bi `2HB#BHBiv Q7 i`mMF ++2H2`QK2i`B+ ;Bi MHvbBb-Ǵ
CQm`MH Q7 :Bi M/ SQbim`2- pQHX RN- MQX j- TTX k33 Ĝ kNd- kyy9X
(PMHBM2)X pBH#H2, ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBf
ayNeeejekyjyyyeNN
(R9) AX >X GƦT2x@Lp M/ X JmƢQx@J2HûM/2x- ǳq2`#H2 BM2`iBH b2MbQ`b 7Q`
?mKM KQiBQM MHvbBb,  `2pB2r-Ǵ A111 a2MbQ`b CQm`MH- pQHX Re- MQX kk-
TTX d3kRĜd3j9- LQp kyReX
(R8) aX LBb?B;m+?B- JX uK/- EX L;B- aX JQ`B- uX EDBr`- hX aQMQ/-
EX uQb?BKm`- >X uQb?BiQKB- >X AiQ- EX PFKQiQ- hX AiQ- aX JmiQ- hX Ab?B@
?`- M/ hX QvK- ǳ_2HB#BHBiv M/ pHB/Biv Q7 ;Bi MHvbBb #v M/`QB/@
#b2/ bK`iT?QM2-Ǵ h2H2K2/B+BM2 M/ 2@>2Hi?- pQHX R3- TTX kNkĜkNe- J`+?
kyRkX
(Re) SX _b?B/B M/ .X CX *QQF- ǳE22TBM; i?2 `2bB/2Mi BM i?2 HQQT, /TiBM;
i?2 bK`i ?QK2 iQ i?2 mb2`-Ǵ A111 CQm`MH Q7 h`Mb+iBQMb QM avbi2Kb-
dk
JM- M/ *v#2`M2iB+b @ S`i , avbi2Kb M/ >mKMb- pQHX jN- MQX 8- TTX
N9NĜN8N- a2Ti kyyNX
(Rd) aX Si2H- >X S`F- SX "QMiQ- GX *?M- M/ JX _Q/;2`b- ǳ `2pB2r Q7
r2`#H2 b2MbQ`b M/ bvbi2Kb rBi? TTHB+iBQM BM `2?#BHBiiBQM-Ǵ CQm`MH
Q7 L2m`Q1M;BM22`BM; M/ _2?#BHBiiBQM- pQHX N- MQX R- TX kR- T` kyRkX
(PMHBM2)X pBH#H2, ?iiTb,ff/QBXQ`;fRyXRR3efRd9j@yyyj@N@kR
(R3) aX JxBHm- lX "HMF2- JX >`/2;;2`- :X h`ƺbi2`- 1X :xBi- M/ CX JX
>mb/Q`z- ǳ:BibbBbi,  /BHv@HB72 bmTTQ`i M/ i`BMBM; bvbi2K 7Q`
T`FBMbQMǶb /Bb2b2 TiB2Mib rBi? 7`22xBM; Q7 ;Bi-Ǵ BM S`Q+22/BM;b Q7 i?2
aA:*>A *QM72`2M+2 QM >mKM 6+iQ`b BM *QKTmiBM; avbi2Kb- b2`X *>A
ǶR9X L2r uQ`F- Lu- la, *J- kyR9- TTX k8jRĜk89yX (PMHBM2)X pBH#H2,
?iiT,ff/QBX+KXQ`;fRyXRR98fk88ek33Xk88dkd3
(RN) JX E`Mx- X JƺHH2`- LX >KK2`H- aX .B2rH/- hX SHƺix- SX PHBpB2`- M/
GX _QHi2`- ǳh?2 KQ#BH2 }iM2bb +Q+? , iQr`/b BM/BpB/mHBx2/ bFBHH bb2bb@
K2Mi mbBM; T2`bQMHBx2/ KQ#BH2 /2pB+2b-Ǵ CQm`MH Q7 S2`pbBp2 M/ JQ#BH2
*QKTmiBM;- pQHX N- MQX k- TTX kyjĜkR8- kyRjX
(ky) hX aiB27K2B2`- .X _Q;;2M- :X P;`Bb- SX GmFQrB+x- M/ :X h`ƺbi2`- ǳq2`@
#H2 +iBpBiv i`+FBM; BM +` KMm7+im`BM;-Ǵ A111 CQm`MH Q7 S2`pbBp2
*QKTmiBM;- pQHX d- MQX k- TTX 9kĜ8y- T`BH kyy3X
(kR) JX :Qz`2/Q- AX "Qm+?`BF- CX LX *`i2`- M/ JX aX LBtQM- ǳS2`7Q`KM+2
MHvbBb 7Q` miQKi2/ ;Bi 2ti`+iBQM M/ `2+Q;MBiBQM BM KmHiB@+K2`
bm`p2BHHM+2-Ǵ CQm`MH Q7 JmHiBK2/B hQQHb M/ TTHB+iBQMb- pQHX 8y- MQX R-
TTX d8ĜN9- P+i kyRyX (PMHBM2)X pBH#H2, ?iiTb,ff/QBXQ`;fRyXRyydf
bRRy9k@yyN@yjd3@8
(kk) CX GBiiH2 M/ CX 1X "Qv/- ǳ_2+Q;MBxBM; S2QTH2 #v h?2B` :Bi, h?2 a?T2
Q7 JQiBQM-Ǵ oB/2`2 CQm`MH Q7 *QKTmi2` oBbBQM _2b2`+?- pQHX R- TTX RĜjk-
RNNeX (PMHBM2)X pBH#H2, ?iiT,ff+Bi2b22`tXBbiXTbmX2/mfpB2r/Q+fbmKK`v\
/QB4RyXRXRX8eX8k3
(kj) .X :22`b2- JX _Q2`/BMF- "X *QQH2M- CX J`BMmb- M/ CX pM >BHi2M- ǳh?2
BMi2`+iBp2 rHFrv, hQr`/b bb2bbBM; ;Bi@2MpB`QMK2Mi BMi2`+iBQMb BM 
+HBMB+H b2iiBM;-Ǵ CQm`MH Q7 JQp2K2Mi .BbQ`/2`b- pQHX jR- MQX k- CmMX kyReX
dj
(k9) GX JB//H2iQM- X X "mbb- X "xBM- M/ JX aX LBtQM- ǳ ~QQ` b2MbQ`
bvbi2K 7Q` ;Bi `2+Q;MBiBQM-Ǵ BM A111 qQ`Fb?QT QM miQKiB+ A/2MiB}+iBQM
/pM+2/ h2+?MQHQ;B2b UmiQA.Ƕy8V- "mzHQ- Lu- la- P+i kyy8X
(k8) EX "bi2``2it2- CX 1+?MQ#2- M/ AX /2H *KTQ- ǳ r2`#H2 ?mKM +@
iBpBiv `2+Q;MBiBQM bvbi2K QM  +?BT-Ǵ BM S`Q+22/BM;b Q7 i?2 kyR9 *QM72`2M+2
QM .2bB;M M/ `+?Bi2+im`2b 7Q` aB;MH M/ AK;2 S`Q+2bbBM;- P+i kyR9-
TTX RĜ3X
(ke) JX wm#B`- EX aQM;- M/ *X uQQM- ǳ>mKM +iBpBiv `2+Q;MBiBQM mbBM; r2`@
#H2 ++2H2`QK2i2` b2MbQ`b-Ǵ BM BM S`Q+22/BM;b Q7 i?2 kyRe A111 AMi2`M@
iBQMH *QM72`2M+2 QM *QMbmK2` 1H2+i`QMB+b@bB UA**1@bBV- P+i kyRe-
TTX RĜ8X
(kd) JX >X EQH2F` M/ .X SX .b?- ǳ>B//2M K`FQp KQ/2H #b2/ ?mKM +iBpBiv
`2+Q;MBiBQM mbBM; b?T2 M/ QTiB+H ~Qr #b2/ 72im`2b-Ǵ BM BM S`Q+22/BM;b
Q7 i?2 kyRe A111 h1G*PL *QM72`2M+2- LQp kyRe- TTX jNjĜjNdX
(k3) JX wX l//BM- hX@aX EBK- M/ CX@hX EBK- ǳ bTiBQi2KTQ`H `Q#mbi
TT`Q+? 7Q` ?mKM +iBpBiv `2+Q;MBiBQM-Ǵ AMi2`MiBQMH CQm`MH Q7
/pM+2/ _Q#QiB+ avbi2Kb- pQHX Ry- MQX RR- TX jNR- kyRjX (PMHBM2)X pBH#H2,
?iiTb,ff/QBXQ`;fRyX8ddkf8dy89
(kN) 6X iiH- aX JQ?KK2/- JX .2/#`Bb?pBHB- 6X *?K`QmF?B- GX PmF?2HHQm-
M/ uX KB`i- ǳS?vbB+H ?mKM +iBpBiv `2+Q;MBiBQM mbBM; r2`#H2
b2MbQ`b-Ǵ J.SA CQm`MH Q7 a2MbQ`b- pQHX R8- MQX Rk- TTX jR jR9ĜjR jj3-
kyR8X (PMHBM2)X pBH#H2, ?iiT,ffrrrXK/TBX+QKfR9k9@3kkyfR8fRkfkN383
(jy) aX S`22+2- CX u :QmH2`Kb- GX E2MM2v- .X >Qr`/- EX J2BD2`- M/
_X *`QKTiQM- ǳ+iBpBiv B/2MiB}+iBQM mbBM; #Q/v@KQmMi2/ b2MbQ`b @  `2@
pB2r Q7 +HbbB}+iBQM i2+?MB[m2b-Ǵ pQHX jy- TTX _RĜjj- y8 kyyNX
(jR) PX um`m`- *X >X GBm- sX GBm- M/ qX JQ`2MQ- ǳ/TiBp2 bKTHBM; M/ /miv
+v+HBM; 7Q` bK`iT?QM2 ++2H2`QK2i2`-Ǵ BM BM S`Q+22/BM;b Q7 i?2 kyRj A111
Ryi? AMi2`MiBQMH *QM72`2M+2 QM JQ#BH2 /@>Q+ M/ a2MbQ` avbi2Kb- P+i
kyRj- TTX 8RRĜ8R3X
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(jk) aX a+?ɃH2BM- CX "`i?- X _KTT- _X _mTT`2+?i- "X JX 1bFQ}2`- CX qBMFH2`-
EX@:X :ĽKMM- M/ CX EHm+F2M- ǳAMbi`mK2Mi2/ ;Bi MHvbBb,  K2bm`2
Q7 ;Bi BKT`Qp2K2Mi #v  r?22H2/ rHF2` BM ?QbTBiHBx2/ ;2`Bi`B+ TiB2Mib-Ǵ
CQm`MH Q7 L2m`Q1M;BM22`BM; M/ _2?#BHBiiBQM- pQHX R9- MQX R- 62#X kyRdX
(jj) aX@JX G22- aX JX uQQM- M/ >X *?Q- ǳ>mKM +iBpBiv `2+Q;MBiBQM 7`QK
++2H2`QK2i2` /i mbBM; +QMpQHmiBQMH M2m`H M2irQ`F-Ǵ BM S`Q+22/BM;b Q7
i?2 kyRd A111 AMi2`MiBQMH *QM72`2M+2 QM "B; .i M/ aK`i *QKTmiBM;
U"B;*QKTV- 62# kyRd- TTX RjRĜRj9X
(j9) aX EX .?`- JX JX >bM- M/ aX X *?Qr/?m`v- ǳ>mKM +iBpBiv `2+Q;MB@
iBQM #b2/ QM ;mbbBM KBtim`2 KQ/2H M/ /B`2+iBp2 HQ+H #BM`v Tii2`M-Ǵ
BM A111 AMi2`MiBQMH *QM72`2M+2 QM 1H2+i`B+H- *QKTmi2`- M/ h2H2+QK@
KmMB+iBQM 1M;BM22`BM; UA*1*h1V- _Db??B- ".- .2+ kyReX
(j8) oX :?b2KB M/ X X SQmvM- ǳ>mKM +iBpBiv `2+Q;MBiBQM BM K#B2Mi
bbBbi2/ HBpBM; 2MpB`QMK2Mib mbBM;  +QMp2t QTiBKBxiBQM T`Q#H2K-Ǵ BM S`Q@
+22/BM;b Q7 i?2 kyRe A111 AMi2`MiBQMH *QM72`2M+2 Q7 aB;MH S`Q+2bbBM;
M/ AMi2HHB;2Mi avbi2Kb UA*aSAaV- h2?`M- A_- .2+ kyReX
(je) 6X iiH- aX JQ?KK2/- JX .2/#`Bb?pBHB- 6X *?K`QmF?B- GX PmF?2HHQm-
M/ uX KB`i- ǳS?vbB+H ?mKM +iBpBiv `2+Q;MBiBQM mbBM; r2`#H2
b2MbQ`b-Ǵ J.SA CQm`MH Q7 a2MbQ`b- pQHX R8- MQX Rk- TTX jR jR9ĜjR jj3-
kyR8X (PMHBM2)X pBH#H2, ?iiT,ffrrrXK/TBX+QKfR9k9@3kkyfR8fRkfkN383
(jd) CX h#Q``B- 1X SH2`KQ- aX _QbbB- M/ SX *TT- ǳ:Bi T`iBiBQMBM; K2i?Q/b,
 bvbi2KiB+ `2pB2r-Ǵ J.SA CQm`MH Q7 a2MbQ`b- pQHX Re- MQX R- kyReX
(j3) aX .X .BM- X >B+F2v- aX qQQ/KM- >X >B/2M- _X JQ``Bb- SX qibQM-
EX Lx`TQm`- JX *ii- GX _Q+?2bi2`- M/ X :Q/7`2v- ǳ++2H2`QK2i2`@
#b2/ ;Bi bb2bbK2Mi, S`;KiB+ /2THQvK2Mi QM M BMi2`MiBQMH b+H2-Ǵ
BM S`Q+22/BM;b Q7 i?2 kyRe A111 aiiBbiB+H aB;MH S`Q+2bbBM; qQ`Fb?QT
UaaSV- CmM2 kyRe- TTX RĜ8X
(jN) .X h`QDMB2HHQ- X *2`2iiB- M/ lX .X *`Q+2- ǳ++m`+v- b2MbBiBpBiv
M/ `Q#mbiM2bb Q7 }p2 /Bz2`2Mi K2i?Q/b 7Q` i?2 2biBKiBQM Q7 ;Bi
i2KTQ`H T`K2i2`b mbBM;  bBM;H2 BM2`iBH b2MbQ` KQmMi2/ QM i?2 HQr2`
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i`mMF-Ǵ CQm`MH Q7 :Bi M/ SQbim`2- pQHX 9y- MQX 9- TTX 93d Ĝ 9Nk-
kyR9X (PMHBM2)X pBH#H2, ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2f
TBBfayNeeejekR9yye9jk
(9y) CX J++KH2v- JX .QMiB- 1X :`BKTKTB- M/ *X Kxx¨- ǳM 2M?M+2/
2biBKi2 Q7 BMBiBH +QMi+i M/ }MH +QMi+i BMbiMib Q7 iBK2 mbBM; HQr2`
i`mMF BM2`iBH b2MbQ` /i-Ǵ CQm`MH Q7 :Bi M/ TQbim`2- pQHX je- TTX jReĜ3-
yj kyRkX
(9R) aX CBM;- "X w?M;- :X wQm- M/ .X q2B- ǳh?2 TQbbB#BHBiv Q7 MQ`KH ;Bi
MHvbBb #b2/ QM  bK`i T?QM2 7Q` ?2Hi?+`2-Ǵ BM *QM72`2M+2 QM :`22M
*QKTmiBM; M/ *QKKmMB+iBQMb M/ A111 AMi2`M2i Q7 h?BM;b M/ A111
*v#2`- S?vbB+H M/ aQ+BH *QKTmiBM;- m;mbi kyRjX
(9k) .X ZBM M/ JX@*X >mM;- ǳ bK`i T?QM2 #b2/ ;Bi KQMBiQ`
bvbi2K-Ǵ BM S`Q+22/BM;b Q7 i?2 Ryi? 1A AMi2`MiBQMH *QM72`2M+2 QM
"Q/v `2 L2irQ`Fb- kyR8- TTX jkĜj3X (PMHBM2)X pBH#H2, ?iiT,
ff/tX/QBXQ`;fRyX9Ry3f2BXk3@N@kyR8XkkeR8RN
(9j) JX@aX G22- CX@:X GBK- EX@_X S`F- M/ .X@aX ErQM- ǳlMbmT2`pBb2/ +Hmb@
i2`BM; 7Q` #MQ`KHBiv /2i2+iBQM #b2/ QM i?2 i`B@tBH ++2H2`QK2i2`-Ǵ BM
S`Q+22/BM;b Q7 i?2 kyyN A**a@aA*1- m; kyyN- TTX Rj9ĜRjdX
(99) .X _2vMQH/b- :mbbBM JBtim`2 JQ/2HbX "QbiQM- J, aT`BM;2` la-
kyyN- TTX e8NĜeejX (PMHBM2)X pBH#H2, ?iiTb,ff/QBXQ`;fRyXRyydf
Nd3@y@j3d@djyyj@8nRNe
(98) :X smM- qX w?M;- M/ SX *?B- ǳ1K H;Q`Bi?Kb Q7 ;mbbBM KBtim`2
KQ/2H M/ ?B//2M K`FQp KQ/2H-Ǵ BM S`Q+22/BM;b Q7 i?2 kyyR AMi2`MiBQMH
*QM72`2M+2 QM AK;2 S`Q+2bbBM; U*iX LQXyR*>jdky8V- pQHX R- kyyR- TTX
R98ĜR93 pQHXRX
(9e) >X a "?i M/ LX EmK`- ǳPM i?2 /2`BpiBQM Q7 i?2 #v2bBM BM7Q`KiBQM
+`Bi2`BQM-Ǵ yR kyRyX
(9d) LX >X *?2?/2- SX PxBbBF- CX :QK2x- 6X _KQb- M/ :X SQiiB2- ǳ.2i2+iBM;
bimK#H2b rBi?  bBM;H2 ++2H2`QK2i2`-Ǵ BM S`Q+22/BM;b Q7 i?2 kyRk MMmH
de
AMi2`MiBQMH *QM72`2M+2 Q7 i?2 A111 1M;BM22`BM; BM J2/B+BM2 M/ "BQHQ;v
aQ+B2iv- m; kyRk- TTX ee3RĜee3eX
(93) GX qM;- ǳ#MQ`KH rHFBM; ;Bi MHvbBb mbBM; bBH?Qm2ii2@KbF2/ ~Qr
?BbiQ;`Kb-Ǵ BM S`Q+22/BM;b Q7 i?2 R3i? AMi2`MiBQMH *QM72`2M+2 QM Sii2`M
_2+Q;MBiBQM UA*S_ǶyeV- pQHX j- kyye- TTX 9djĜ9deX
(9N) EX E+xK`+xvF- X qBi- CX w#Q`bFB- CX SBƈbm/bFB- M/
JX E`r+xvF- `iB}+BH L2m`H L2irQ`Fb ULLV TTHB2/ 7Q` :Bi *Hb@
bB}+iBQM M/ S?vbBQi?2`Tv JQMBiQ`BM; BM SQbi ai`QF2 SiB2MibX AL@
h1*> PT2M ++2bb Sm#HBb?2`- kyRRX (PMHBM2)X pBH#H2, ?iiTb,
ff#QQFbX;QQ;H2XBif#QQFb\B/4ynq[Q1*C
(8y) X aQFQHQp M/ X EQMmb?BM- ǳ:Bi `2+Q;MBiBQM #b2/ QM
+QMpQHmiBQMH M2m`H M2irQ`Fb-Ǵ AaS_a @ AMi2`MiBQMH `+?Bp2b
Q7 i?2 S?QiQ;`KK2i`v- _2KQi2 a2MbBM; M/ aTiBH AM7Q`KiBQM a+B@
2M+2b- pQHX sGAA@kfq9- TTX kydĜkRk- kyRdX (PMHBM2)X pBH@
#H2, ?iiTb,ffrrrXBMi@`+?@T?QiQ;`KK@`2KQi2@b2Mb@bTiBH@BM7@b+BXM2if
sGAA@k@q9fkydfkyRdf
(8R) CX >MMBMF- hX Emix- *X 6X SbHmQbi- EX :X :ĽKMM- CX EHm+F2M- M/
"X JX 1bFQ}2`- ǳa2MbQ`@#b2/ ;Bi T`K2i2` 2ti`+iBQM rBi? /22T +QMpQ@
HmiBQMH M2m`H M2irQ`Fb-Ǵ A111 CQm`MH Q7 "BQK2/B+H M/ >2Hi? AM7Q`@
KiB+b- pQHX kR- MQX R- TTX 38ĜNj- CM kyRdX
(8k) CX >MMBMF- hX Emix- *X SbHmQbi- CX "`i?- aX a+?mH2BM- EX :X :bbKMM-
CX EHm+F2M- M/ "X 1bFQ}2`- ǳJQ#BH2 bi`B/2 H2M;i? 2biBKiBQM rBi? /22T
+QMpQHmiBQMH M2m`H M2irQ`Fb-Ǵ A111 CQm`MH Q7 "BQK2/B+H M/ >2Hi?
AM7Q`KiB+b- pQHX SS- MQX NN- TTX RĜR- kyRdX
(8j) uX 62M;- uX GB- M/ CX GmQ- ǳG2`MBM; 2z2+iBp2 ;Bi 72im`2b mbBM; HbiK-Ǵ BM
S`Q+22/BM; Q7 i?2 kyRe kj`/ AMi2`MiBQMH *QM72`2M+2 QM Sii2`M _2+Q;MB@
iBQM UA*S_V- .2+ kyRe- TTX jk8ĜjjyX
(89) 6X CX P`/ƦƢ2x M/ .X _Q;;2M- ǳ.22T *QMpQHmiBQMH M/ GahJ _2+m``2Mi
L2m`H L2irQ`Fb 7Q` JmHiBKQ/H q2`#H2 +iBpBiv _2+Q;MBiBQM-Ǵ J.SA
CQm`MH Q7 a2MbQ`b- pQHX Re- MQX R- kyReX
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(88) .X _Q;;2M- X *Hi`QMB- JX _QbbB- hX >QHH2+x2F- EX 6ƺ`bi2`- :X h`ƺbi2`-
SX GmFQrB+x- .X "MM+?- :X SB`FH- X 62`b+?- CX .QTTH2`- *X >QHxKMM-
JX Em`x- :X >QHH- _X *?p``B;- >X a;?- >X "viB- JX *`2im`- M/
CX /X _X JBHH¨M- ǳ*QHH2+iBM; +QKTH2t +iBpBiv /ib2ib BM ?B;?Hv `B+? M2i@
rQ`F2/ b2MbQ` 2MpB`QMK2Mib-Ǵ BM S`Q+22/BM;b Q7 i?2 kyRy di? AMi2`MiBQMH
*QM72`2M+2 QM L2irQ`F2/ a2MbBM; avbi2Kb UALaaV- CmM2 kyRy- TTX kjjĜk9yX
(8e) SX wTTB- *X GQK#`Bb2`- hX aiB27K2B2`- 1X 6`2HH- .X _Q;;2M- GX "2MBMB-
M/ :X h`ƺbi2`- ǳ+iBpBiv `2+Q;MBiBQM 7`QK QM@#Q/v b2MbQ`b, ++m`+v@
TQr2` i`/2@Qz #v /vMKB+ b2MbQ` b2H2+iBQM-Ǵ BM S`Q+22/BM;b Q7 i?2
8i? 1m`QT2M *QM72`2M+2 QM qB`2H2bb a2MbQ` L2irQ`Fb- b2`X 1qaLǶy3X
"2`HBM- >2B/2H#2`;, aT`BM;2`@o2`H;- kyy3- TTX RdĜjjX (PMHBM2)X pBH#H2,
?iiT,ff/HX+KXQ`;f+BiiBQMX+7K\B/4Rd3eyR9XRd3eyRd
(8d) .X :X GQr2- ǳ.BbiBM+iBp2 BK;2 72im`2b 7`QK b+H2@BMp`BMi F2vTQBMib-Ǵ
CQm`MH Q7 *QKTmi2` oBbBQM- pQHX ey- MQX k- TTX NRĜRRy- LQpX kyy9X (PMHBM2)X
pBH#H2, ?iiT,ff/tX/QBXQ`;fRyXRykjf",oAaAXyyyyykNee9XNNeR8XN9
(83) CX@EX a?Bm- *X@sX >mM;- M/ JX@uX *?M;- ǳLQBb2 +?`+i2`BbiB+b Q7 K2Kb
;v`QǶb MmHH /`B7i M/ i2KT2`im`2 +QKT2MbiBQM-Ǵ pQHX R8- TTX kjNĜk9e- yN
kyRkX
(8N) SX .X q2H+?- ǳh?2 mb2 Q7 7bi 7Qm`B2` i`Mb7Q`K 7Q` i?2 2biBKiBQM Q7 TQr2`
bT2+i`,  K2i?Q/ #b2/ QM iBK2 p2`;BM; Qp2` b?Q`i- KQ/B}2/ T2`B@
Q/Q;`Kb-Ǵ A111 CQm`MH Q7 h`Mb+iBQMb QM m/BQ M/ 2H2+i`Q+QmbiB+b-
pQHX R8- MQX k- TTX dyĜdj- RNedX
(ey) aX .X .BM- X :Q/7`2v- M/ GX _Q+?2bi2`- ǳoHB/iBQM Q7 M ++2H2`QK2i2`
iQ [mMiB7v  +QKT`2?2MbBp2 #ii2`v Q7 ;Bi +?`+i2`BbiB+b BM ?2Hi?v QH/2`
/mHib M/ T`FBMbQMǶb /Bb2b2, hQr`/ +HBMB+H M/ i ?QK2 mb2-Ǵ A111
CQm`MH Q7 "BQK2/B+H M/ >2Hi? AM7Q`KiB+b- pQHX ky- MQX j- TTX 3j3Ĝ39d-
Jv kyReX
(eR) qX a?B- SX a?M;- CX qM;- M/ X GBM- ǳJmHiBb+H2 KmHiB7`+iH /2i`2M/2/
+`Qbb@+Q``2HiBQM MHvbBb Q7 }MM+BH iBK2 b2`B2b-Ǵ S?vbB+ , aiiBbiB+H
J2+?MB+b M/ Bib TTHB+iBQMb- pQHX 9yj- MQX amTTH2K2Mi *- TTX j8 Ĝ 99-
d3
kyR9X (PMHBM2)X pBH#H2, ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2f
TBBfayjd39jdRR9yyRk9R
(ek) uX h2M; M/ SX a?M;- ǳ.2i`2M/2/ ~m+imiBQM MHvbBb #b2/ QM
?B;?2`@Q`/2` KQK2Mib Q7 }MM+BH iBK2 b2`B2b-Ǵ S?vbB+ , aiiBbiB+H
J2+?MB+b M/ Bib TTHB+iBQMb- pQHX 9Ny- MQX amTTH2K2Mi *- TTX jRR Ĝ jkk-
kyR3X (PMHBM2)X pBH#H2, ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2f
TBBfayjd39jdRRdjy39jN
(ej) CX aQH M/ CX a2pBHH- ǳAKTQ`iM+2 Q7 BMTmi /i MQ`KHBxiBQM 7Q` i?2 T@
THB+iBQM Q7 M2m`H M2irQ`Fb iQ +QKTH2t BM/mbi`BH T`Q#H2Kb-Ǵ A111 CQm`MH
Q7 h`Mb+iBQMb QM Lm+H2` a+B2M+2- pQHX 99- MQX j- TTX R9e9ĜR9e3- CmM RNNdX
(e9) AX JQ?K/ M/ .X lbKM- ǳaiM/`/BxiBQM M/ Bib 2z2+ib QM F@K2Mb
+Hmbi2`BM; H;Q`Bi?K-Ǵ CQm`MH Q7 TTHB2/ a+B2M+2b- 1M;BM22`BM; M/ h2+?@
MQHQ;v- pQHX e- MQX Rd- TTX jkNNĜjjyj- N kyRjX
(e8) :X qX JBHHB;M M/ JX *X *QQT2`- ǳ bim/v Q7 biM/`/BxiBQM Q7 p`B#H2b
BM +Hmbi2` MHvbBb-Ǵ CQm`MH Q7 *HbbB}+iBQM- pQHX 8- MQX k- TTX R3RĜky9-
a2T RN33X (PMHBM2)X pBH#H2, ?iiTb,ff/QBXQ`;fRyXRyydf"6yR3NdRej
(ee) aX _b+?F- ǳ#Qmi 72im`2 b+HBM; M/ MQ`KHBxiBQM Ĝ M/ i?2 2z2+i Q7
biM/`/BxiBQM 7Q` K+?BM2 H2`MBM; H;Q`Bi?Kb-Ǵ kyR9@yd@RRX
(ed) 1X HTv/BM- AMi`Q/m+iBQM iQ J+?BM2 G2`MBM; U/TiBp2 *QKTmiiBQM M/
J+?BM2 G2`MBM;VX h?2 JAh S`2bb- kyy9X
(e3) hX w?M;- ǳaQHpBM; H`;2 b+H2 HBM2` T`2/B+iBQM T`Q#H2Kb mbBM;
biQ+?biB+ ;`/B2Mi /2b+2Mi H;Q`Bi?Kb-Ǵ BM S`Q+22/BM;b Q7 i?2 hr2Miv@
}`bi AMi2`MiBQMH *QM72`2M+2 QM J+?BM2 G2`MBM;- b2`X A*JG Ƕy9X
L2r uQ`F- Lu- la, *J- kyy9- TTX RReĜX (PMHBM2)X pBH#H2,
?iiT,ff/QBX+KXQ`;fRyXRR98fRyR8jjyXRyR8jjk
(eN) aX a?H2p@a?r`ix M/ aX "2M@.pB/- lM/2`biM/BM; J+?BM2 G2`MBM;,
6`QK h?2Q`v iQ H;Q`Bi?KbX L2r uQ`F- Lu- la, *K#`B/;2 lMBp2`bBiv
S`2bb- kyR9X
dN
(dy) X *X _2M+?2` M/ qX 6X *?`Bbi2Mb2M- JmHiBp`Bi2 _2;`2bbBQMX
CQ?M qBH2v  aQMb- AM+X- kyRk- TTX jjNĜj3jX (PMHBM2)X pBH#H2,
?iiT,ff/tX/QBXQ`;fRyXRyykfNd3RRR3jNRe3eX+?Ry
(dR) hX >Q7KMM- "X a+?ƺHFQT7- M/ X CX aKQH- ǳE2`M2H K2i?Q/b BM K+?BM2
H2`MBM;-Ǵ MMX aiiBbiX- pQHX je- MQX j- TTX RRdRĜRkky- ye kyy3X (PMHBM2)X
pBH#H2, ?iiTb,ff/QBXQ`;fRyXRkR9fyyNy8jeydyyyyyyedd
(dk) hX EX >Q- ǳ_M/QK /2+BbBQM 7Q`2bib-Ǵ BM S`Q+22/BM;b Q7 i?2 h?B`/
AMi2`MiBQMH *QM72`2M+2 QM .Q+mK2Mi MHvbBb M/ _2+Q;MBiBQM UoQHmK2
RV @ oQHmK2 R- b2`X A*._ ǶN8X qb?BM;iQM- .*- la, A111 *QKTmi2`
aQ+B2iv- RNN8- TTX kd3ĜX (PMHBM2)X pBH#H2, ?iiT,ff/HX+KXQ`;f+BiiBQMX
+7K\B/4399jdNX399e3R
(dj) CX _X ZmBMHM- ǳAM/m+iBQM Q7 /2+BbBQM i`22b-Ǵ J+?BM2 G2`MBM;-
pQHX R- MQX R- TTX 3RĜRye- J` RN3eX (PMHBM2)X pBH#H2, ?iiTb,
ff/QBXQ`;fRyXRyydf"6yyRRek8R
(d9) GX "`2BKM- ǳ_M/QK 7Q`2bib-Ǵ J+?BM2 G2`MBM;- pQHX 98- MQX R- TTX 8Ĝjk-
P+i kyyRX (PMHBM2)X pBH#H2, ?iiTb,ff/QBXQ`;fRyXRykjf,RyRyNjj9y9jk9
(d8) hX *?2M M/ *X :m2bi`BM- ǳs;#QQbi,  b+H#H2 i`22 #QQbiBM; bvbi2K-Ǵ
BM S`Q+22/BM;b Q7 i?2 kkL/ *J aA:E.. AMi2`MiBQMH *QM72`2M+2 QM
EMQrH2/;2 .Bb+Qp2`v M/ .i JBMBM;- b2`X E.. ǶReX L2r uQ`F-
Lu- la, *J- kyRe- TTX d38ĜdN9X (PMHBM2)X pBH#H2, ?iiT,
ff/QBX+KXQ`;fRyXRR98fkNjNedkXkNjNd38
(de) CX >X 6`B2/KM- ǳ:`22/v 7mM+iBQM TT`QtBKiBQM,  ;`/B2Mi #QQbiBM;
K+?BM2-Ǵ h?2 MMHb Q7 aiiBbiB+b- pQHX kN- MQX 8- TTX RR3NĜRkjk- kyyRX
(PMHBM2)X pBH#H2, ?iiT,ffrrrXDbiQ`XQ`;fbi#H2fkeNNN3e
(dd) ǳs:"QQbi ;Bi?m# `2TQbBiQ`v `2/K2XǴ ?iiTb,ff;Bi?m#X+QKf/KH+ft;#QQbif
#HQ#fKbi2`f/2KQf_1.J1XK/X
(d3) aX ai?vM`vM- ǳ ;2MiH2 BMi`Q/m+iBQM iQ #+FT`QT;iBQM-Ǵ yd kyR9X
(dN) CX *?mM;- ÎX :ɃHÏ2?`2- EX *?Q- M/ uX "2M;BQ- ǳ1KTB`B+H 2pHmiBQM
Q7 ;i2/ `2+m``2Mi M2m`H M2irQ`Fb QM b2[m2M+2 KQ/2HBM;-Ǵ *Q__- pQHX
#bfR9RkXj888- kyR9X (PMHBM2)X pBH#H2, ?iiT,ff`tBpXQ`;f#bfR9RkXj888
3y
(3y) JX :/H2i M/ JX _QbbB- ǳA/M2i, aK`iT?QM2@#b2/ ;Bi `2+Q;MBiBQM
rBi? +QMpQHmiBQMH M2m`H M2irQ`Fb-Ǵ *Q__- pQHX #bfReyeXyjkj3- kyReX
(PMHBM2)X pBH#H2, ?iiT,ff`tBpXQ`;f#bfReyeXyjkj3
(3R) 6X S2/`2;Qb- :X o`Q[mmt- X :`K7Q`i- oX JB+?2H- "X h?B`BQM- PX :`Bb2H-
JX "HQM/2H- SX S`2ii2M?Q72`- _X q2Bbb- oX .m#Qm`;- CX oM/2`THb- X Sb@
bQb- .X *Qm`MT2m- JX "`m+?2`- JX S2``Qi- M/ 1X .m+?2bMv- ǳa+BFBi@
H2`M, J+?BM2 H2`MBM; BM Svi?QM-Ǵ CQm`MH Q7 J+?BM2 G2`MBM; _2b2`+?-
pQHX Rk- TTX k3k8Ĝk3jy- kyRRX
(3k) 6X *?QHH2i 2i HX- ǳE2`b-Ǵ ?iiTb,ff;Bi?m#X+QKf7+?QHH2ifF2`b- kyR8X
(3j) JX #/B- X ;`rH- SX "`?K- 1X "`2p/Q- wX *?2M- *X *Bi`Q- :X aX
*Q``/Q- X .pBb- CX .2M- JX .2pBM- aX :?2Kri- AX :QQ/72HHQr-
X >`T- :X A`pBM;- JX Ab`/- uX CB- _X CQx27QrB+x- GX EBb2`-
JX Em/Hm`- CX G2p2M#2`;- .X JMû- _X JQM;- aX JQQ`2- .X Jm``v-
*X PH?- JX a+?mbi2`- CX a?H2Mb- "X ai2BM2`- AX amibF2p2`- EX hHr`-
SX hm+F2`- oX oM?Qm+F2- oX obm/2pM- 6X oBû;b- PX oBMvHb- SX q`/2M-
JX qii2M#2`;- JX qB+F2- uX um- M/ sX w?2M;- ǳh2MbQ`6HQr, G`;2@b+H2
K+?BM2 H2`MBM; QM ?2i2`Q;2M2Qmb bvbi2Kb-Ǵ kyR8- bQ7ir`2 pBH#H2 7`QK
i2MbQ`~QrXQ`;X (PMHBM2)X pBH#H2, ?iiTb,ffrrrXi2MbQ`7HQrXQ`;f
(39) aX EX EmK`- ǳPM r2B;?i BMBiBHBxiBQM BM /22T M2m`H M2irQ`Fb-Ǵ *Q__- pQHX
#bfRdy9Xy33ej- kyRdX (PMHBM2)X pBH#H2, ?iiT,ff`tBpXQ`;f#bfRdy9Xy33ej
(38) hX .Qxi- ǳAM+Q`TQ`iBM; M2bi2`Qp KQK2MimK BMiQ /K-Ǵ kyR8X
(3e) CX uQbBMbFB- CX *HmM2- uX "2M;BQ- M/ >X GBTbQM- ǳ>Qr i`Mb72`#H2 `2
72im`2b BM /22T M2m`H M2irQ`Fb\Ǵ *Q__- pQHX #bfR9RRXRdNk- kyR9X
(PMHBM2)X pBH#H2, ?iiT,ff`tBpXQ`;f#bfR9RRXRdNk
3R
3k
